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In  recent  times,  synthesis,  development  and  fabrication  of  anode  component  of  solid  oxide  fuel  cell  (SOFC) 
have  gained  a  significant  importance,  especially  after  the  advent  of  anode  supported  SOFC.  The  function  of  the 
anode  electrode  involves  the  facilitation  of  fuel  gas  diffusion,  oxidation  of  the  fuel,  transport  of  electrons  and 
transport  of  by-product  of  the  electrochemical  reaction.  Although  impressive  progress  has  been  made  in  the 
development  of  alternative  anode  materials  with  mixed  conducting  properties  and  few  of  the  other  composite 
cermets,  Ni/YSZ  continues  to  be  the  most  sought  after  anode  for  high  temperature  SOFC  applications.  Despite 
of  its  poor  carburization  and  sulfidation  capabilities  during  the  operation  of  SOFC  directly  on  hydrocarbons,  Ni / 
YSZ  continues  to  be  the  most  opted  anode  electrode  material  due  to  its  high  catalytic  activity  for  hydrogen 
oxidation,  methane  reforming,  high  electronic  and  ionic  conductivity  and  stability. 

Present  review  focuses  on  the  various  aspects  pertaining  to  Ni/YSZ  as  an  anode  in  SOFC.  Various  factors 
that  influence  the  ohmic,  activation  and  the  concentration  polarization  contribution  of  anode  while  using  Ni/ 
YSZ  are  discussed.  Importance  of  optimizing  the  composition,  microstructure  and  porosity  to  minimize  the 
above  mentioned  polarizations  are  discussed  extensively.  Various  synthesis  methods  that  are  used  in  the 
preparation  of  optimized  NiO/YSZ  composite  powder  and  the  methods  that  are  adopted  to  fabricate  anode 
component  are  provided  in  detail  in  the  article.  Information  on  Ni/YSZ  anode  failure  and  strategies  to  improve 
the  long  term  stability  are  also  discussed  exhaustively.  Parameters  that  influence  the  carburization  and 
sulfidation  of  Ni/YSZ  while  using  hydrocarbons  as  fuel  are  elaborated  in  this  article  and  means  to  minimize  the 
same  are  also  discussed. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Fuel  cells  are  electrochemical  devices  used  for  the  conversion 
of  chemical  energy  into  electrical  energy,  essentially  like  batteries, 
but  with  external  fuel  supplies.  Solid  oxide  fuel  cells  (SOFC)  are 
class  of  fuel  cells  in  which  all  the  components  are  solids  and  their 
operating  temperature  varies  between  500  and  1000  °C.  Due  to  all 
solid-state  construction,  high  operating  temperatures  and  non¬ 
polluting  by-products  of  the  reaction,  SOFC  offers  many  advan¬ 
tages  over  conventional  power  generating  systems,  even  in  com¬ 
parison  to  other  fuel  cells,  in  terms  of  its  efficiency,  reliability,  size 
flexibility,  fuel  flexibility,  and  environmental  friendliness.  They 
offer  high  chemical  to  electrical  conversion  efficiencies  (~50%) 
due  to  the  absence  of  the  Carnot  limitation,  and  further  energy 
gains  (up  to  ~70%)  can  be  achieved  when  produced  heat  is  used  in 
combined  heat  and  power  (CHP),  or  gas  turbine  applications. 
Targeted  applications  of  SOFC's  include  the  stationary  power 
generation,  CHP,  etc. 

In  its  simplest  form,  a  single  cell  of  SOFC  consists  of  two  porous 
electrodes  (anode  and  cathode)  and  a  dense  solid  electrolyte 
membrane  separating  the  two  (Fig.  1).  Mostly,  electrolytes  are 
oxygen  ion  (02~)  conductors.  The  operating  principle  of  a  SOFC 
involves  the  oxidation  of  hydrogen  (H2)  at  the  anode  (on  using  H2 
as  fuel),  reduction  of  molecular  oxygen  (02)  at  the  cathode  and  the 
diffusion  of  the  produced  02~  through  an  electrolyte  into  the 
anode  where  it  reacts  with  H2  ions  (H+)  to  produce  water.  At  the 
same  time,  electrons  flow  from  the  anode  to  the  cathode  through 
an  external  circuit  to  generate  power.  In  this  way,  the  conversion 
from  chemical  energy  into  electrical  energy  is  realized.  Power 
generation  would  continue  as  long  as  fuel  and  oxidants  are 
supplied.  Reactions  occurring  at  anode,  cathode  and  overall  reac¬ 
tion  on  using  H2  as  fuel,  are  summarised  in  Eqs.  (l)-(3). 

Anode  reaction:  2H2->4H++4e~  (1) 


Load 


Cathode  reaction:  02— 4e  ->202  (2) 

Overall  cell  reaction:  2H2  +  02->2H20  (3) 

When  CO  and  hydrocarbons  (such  as  methane)  are  used  as 
fuels,  following  overall  reactions  occurs: 

C0  +  02-  =  C02  +  2e~  (4) 

CH4+402-  =  C02  +  2H20  +  8e-  (5) 


In  a  SOFC  stack,  single  cells  are  connected  in  electrical  series  via  a 
component  called  the  interconnect. 

Theoretically,  SOFC’s  look  very  attractive  due  to  their  opera¬ 
tional  versatility,  efficiency  and  other  advantages.  But  in  reality 
they  are  plagued  with  many  challenges.  The  actual  performance 
and  long  term  stability  of  existing  SOFC  systems  are  not  yet 
satisfactory,  and  they  are  far  from  being  economically  competitive. 
While  the  high  operating  temperature  leads  to  improved  perfor¬ 
mance,  on  the  downside,  it  not  only  throws  severe  restrictions  on 
materials  choice  but  can  also  lead  to  increased  materials  degrada¬ 
tion  and  finally  to  system  failure.  Due  to  multi-components  and 
the  multi-interfaces  that  are  involved  in  SOFC  stack,  physio- 
chemical  phenomenon  occurring  at  each  location  of  cell  is  very 
complex  and  prior  knowledge  of  each  phenomenon  is  very 
essential  to  optimize  the  performance  and  to  achieve  high  effi¬ 
ciency.  Detailed  investigations  on  the  reaction  mechanism  and 
kinetics  at  each  electrode,  electrolyte,  electrode/electrolyte  inter¬ 
face,  determination  of  degradation  mechanism,  production  of 
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Fig.  3.  TPB  regions  for  (a)  pure  electronic  conductor  anode,  (b)  mixed  electronic  ionic  conductor  anode  and  (c)  electronic-ionic  composite  anodes. 


cheap  and  efficient  electrodes,  improving  the  long  term  stability, 
etc.,  are  the  need  of  the  hour. 

Electrochemical  systems,  including  SOFC,  are  governed  by  few 
fundamental  physicochemical  processes.  These  include  charge- 
transfer  reactions  (electrochemistry),  chemical  reactions  (both 
bulk  reactions  and  heterogeneous  reactions),  and  transport 
(charge  transport  of  electronic  and  ionic  charge  carriers,  mass 
transport  through  diffusion  and  convection).  As  calculated  from 
the  Nernst  equation,  ideal  voltage  (E°)  from  a  single  cell  of  SOFC 
under  open  circuit  conditions  is  close  to  1.1  V  dc.  When  an 
electrode  is  polarized,  due  to  the  electrochemical  reactions  occur¬ 
ring  at  the  electrode  surface,  current  flows  through  external 
circuit.  The  amount  of  current  is  controlled  by  the  kinetics  of  the 
reactions  and  the  diffusion  of  reactants  both  towards  and  away 
from  the  electrodes.  Useful  voltage  output  (V)  under  load  condi¬ 
tions,  that  is,  when  a  current  passes  through  the  cell,  is  given  by 

V  =  E°  —  IR—r/c—tia  (6) 

where  IR  is  the  ohmic  resistance,  ;/c  is  the  cathodic  polarization 
and  i/a  is  the  anodic  polarization. 

Kinetic  restriction  imposed  by  various  components  of  SOFC's 
result  in  decreased  voltage  and  performance  of  the  cell.  Fig.  2 
shows  a  typical  SOFC  polarization  curve,  which  consists  of  three 
main  regions  of  interest. 

In  the  low  current  density  region,  reduction  in  voltage  is  caused 
mainly  by  the  electrochemical  reaction  rate  limitations  and  is 
commonly  referred  to  as  activation  polarization.  The  exchange 
current  density  is  a  parameter  that  determines  this  drop  in 
voltage.  In  intermediate  current  densities,  cell  is  predominantly 
affected  by  the  ohmic  losses  in  the  cell,  caused  by  both  ionic  and 
electronic  resistances  that  linearly  affect  the  voltage  drop  with 
increased  current  density.  If  the  current  density  is  increased  to 
high  enough  levels,  voltage  will  fall  off  rapidly.  This  occurs  because 
of  a  phenomenon  called  concentration  polarization.  When  the 
current  density  is  high  enough,  gases  are  utilized  in  the  cell  at  a 
faster  rate  than  fuel  or  oxidant  can  reach  the  cell  surface,  leading 
to  the  concentration  polarization.  In  order  to  pursue  cell  develop¬ 
ment  work,  it  is  desirable  to  separate  the  cell  losses  into  elements 
associated  to  the  individual  cell  components. 

The  resistance  of  a  cell  is  the  sum  of  a  number  of  contributions 

E measured  =  ^elec  +  Rcath  Rano  A-  Rconc  (  T) 

where  Reiec  is  the  resistance  of  the  electrolyte,  Rcath  is  the  ohmic 
and  electrochemical  losses  at  the  cathode,  Rano  is  the  ohmic  and 
electrochemical  losses  at  the  anode  and  Rconc  represents  the 
diffusion  and  gas  conversion  losses  at  the  anode  and  cathode. 

Factors  influencing  the  polarization  include  material  properties, 
microstructure,  temperature,  atmosphere,  current  density,  etc.  It  is 


Table  1 

Physical  properties  of  Ni. 


Melting  point  14S3  C 

TEC  -13.3x10  6  cm  cm  ’K1 

Electronic  conductivity  @  25  C  —138  x  104S  cm  1 

Electronic  conductivity  @1000  °C  — 2  x  104  S  cm  1 


essential  to  minimize  these  polarization  losses  for  efficient  con¬ 
version  of  chemical  energy  into  electrical  energy.  Identification  of 
source  of  polarization  is  very  critical,  but  is  challenging.  Present 
review  focuses  on  the  various  aspects  pertaining  only  to  the  anode 
component  of  SOFC. 

1.3.  An  overview  of  the  anode  component 

The  function  of  the  anode  (fuel  electrode)  is  to  facilitate  the 
oxidation  of  the  fuel  and  transport  of  electrons  from  the  reaction 
site  to  the  current  collector.  In  addition,  it  must  allow  diffusion  of 
fuel  gas  to  reaction  site  and  reaction  products  away  from  it. 
Aspects  pertaining  to  structural,  electrical  and  electrochemical 
properties  have  to  be  taken  into  consideration  while  choosing 
the  material  for  anode. 

High  temperature  and  strong  reducing  atmosphere  that  anode 
needs  to  operate  in,  imposes  stringent  restrictions  on  the  anode 
material  selection  and  poses  special  challenges  related  to  its 
chemical  stability  and  materials  degradation.  To  minimize  the 
polarization  losses  of  the  oxidation  reaction,  anode  materials 
should  meet  the  following  basic  requirements: 

•  High  electro-catalytic  activity  towards  oxidation  of  fuel  gases. 

•  Preferably  a  mixed  conductor  with  predominant  electronic 
conductivity  to  permit  the  passage  of  electrons. 

•  Thermal  expansion  coefficient  (TEC)  and  chemical  compatibil¬ 
ity  with  the  adjoining  components. 

•  High  wettability  with  respect  to  the  electrolyte  substrate. 

•  Should  possess  continuous  porous  structure  to  allow  rapid 
transport  of  fuel  and  reaction  by-products. 

•  Fuel  flexible,  ease  of  fabrication,  and  low  cost. 

•  Excellent  carburization  and  sulfidation  resistance  on  using 
hydrocarbons  as  a  fuel. 

Electrochemical  reaction  in  anodes  are  believed  to  occur  only  at 
the  regions  called  three  phase  boundary  (TPB);  which  is  defined  as 
the  collection  of  sites  where  oxygen  ion  conductor,  the  electron¬ 
conducting  phase,  and  the  gas  phase,  all  meet  together.  The  H2, 
which  needs  to  be  oxidized  in  to  H+,  diffuses  through  the  open 
pores  of  the  anode  and  is  oxidized  somewhere  within  this  matrix 
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and  reacts  with  O2  to  produce  water.  Location  of  the  TPB,  where 
the  electrochemical  reaction  takes  place  between  02~  and  H+  to 
produce  water,  depends  on  the  material  in  use.  If  the  anode 
exhibits  solely  electronic  conduction,  the  effective  electrochemical 
reaction  zone  (ERZ)  of  anode  is  mainly  limited  to  the  double-phase 
boundary  between  the  electrolyte  and  anode  (Fig.  3a).  In  contrast, 
the  use  of  anodes  which  are  mixed  ionic  and  electronic  conductors 
(M1EC)  in  the  reducing  atmosphere,  drastically  enlarges  the  ERZ 
over  the  entire  anode-gas  interfacial  area;  and  hence  delocalized 
to  provide  a  volumetric  reaction  region  in  three  dimensions 
(Fig.  3b). 

In  composite  anode  materials,  consisting  of  mixture  of  electro¬ 
nic  and  ionic  conductors  (Fig.  3c),  electrochemical  reactions  are 
confined  to  the  sites  where  oxygen  ion  conductor,  the  electron¬ 
conducting  phase,  and  the  gas  phase  all  meet  together.  To  achieve 
a  significant  drop  in  the  activation  polarization  and  improvement 
in  the  electrical  efficiency,  in  addition  to  maximizing  TPB's,  it  is 
necessary  to  ensure  that  TPB's  are  connected  three  dimensionally 
to  electronic,  ionic  and  gas  chains.  Only  these  TPB’s  will  be 
electrochemically  active  (EATPB).  Reaction  would  not  occur  if 
there  is  a  breakdown  in  connectivity  in  any  one  of  the  three 
phases.  TPB's  become  electrochemically  inactive  under  the  follow¬ 
ing  circumstances:  (a)  ions  from  the  electrolyte  do  not  reach  the 
reaction  site,  (b)  fuel  gas  molecules  do  not  reach  the  site  and 
(c)  electrons  cannot  be  removed  from  the  site.  TPB  concept  has 
important  implications  in  the  optimization  of  the  anodes. 

During  the  early  stages  of  SOFC  development,  single  phase 
materials  like  graphite,  platinum  group,  and  transition  metals 
(related  to  Fig.  3a)  were  investigated  as  anode  materials  [1], 
Graphite  corroded  electrochemically.  Platinum  spalled  off  in  ser¬ 
vice,  presumably  due  to  water  vapor  evolution  at  the  metal-oxide 
interface.  Several  metals  such  as  Fe,  Co,  Ni  [2],  Pt  [3]  and  Ru  [4] 
have  also  been  studied  as  anode  materials.  Among  the  transition 
metals,  iron  corrodes  with  the  formation  of  an  iron  oxide  when  the 
partial  pressures  of  oxidation  products  in  the  anode  compartment 
of  an  operating  cell  exceed  a  critical  value.  Cobalt  is  somewhat 
more  stable,  but  expensive.  Among  Ni,  Co,  Fe,  Pt,  Mn  and  Ru,  Ni 
exhibits  the  highest  electrochemical  activity  for  H2  oxidation 
reaction  [5]  and  hence  is  a  natural  choice  for  anode.  Apart  from 
higher  electrochemical  activity,  it  is  cheaper  when  compared  Co 
and  noble  metals  like  Pt,  Ru.  Flence  Ni  is  more  economical  to  use  as 
anode  material.  The  physical  properties  of  Ni  are  summarized  in 
Table  1. 


However,  on  using  Ni  alone  as  the  anode  material,  the  pores 
might  get  closed  due  to  relatively  low  melting  temperature  and 
higher  sinterability  of  Ni.  In  addition,  TEC  of  Ni  is  much  higher 
than  that  of  YSZ  electrolyte  (TEC  of  YSZ  ~0.5  x  10~6  K-1),  a 
common  electrolyte  material  used  in  high  temperature  SOFC. 
Application  of  pure  Ni  as  anodes  would  lead  to  the  performance 
degradation  of  fuel  cell  on  repeated  use.  As  a  consequence,  all- 
metal  anodes  have  not  found  acceptance. 

Recently,  mono-phasic  oxides  with  MIEC  characteristics  (related 
to  Fig.  3b)  have  been  emerging  as  strong  candidates  as  anode 
materials  of  SOFC;  especially  for  the  oxidation  of  hydrocarbons.  The 
structural  types  that  have  been  considered  include  perovskite, 
pyrochlore,  and  spinel,  with  perovskite  structure  being  prominent 
among  them.  Conductivities  approaching  100  Scm-1  have  been 
achieved  with  SrTi03  in  a  reducing  atmosphere  on  doping  Sr  with 
lanthanum/yttrium  and  niobium  on  the  titanium  site.  Titanates  have 
also  been  shown  to  have  good  dimensional  and  chemical  stability 
upon  redox  cycling.  Electrocatalytic  activity  has  been  improved  by 
dopants  such  as  Mn  and  Ga  on  the  Ti  site  (La4Sr8Ti11Mno.5Gao.5037.5) 
[6,7 ].  Similar  results  have  been  obtained  with  La0.4Sro.6Tii  _xMnx03_x. 
The  B-site  of  strontium-doped  lanthanum  chromite  has  been  doped 
with  various  transition  metals  (Mn,  Fe,  Co,  Ni  andCu)  to  introduce 
oxygen  vacancies.  The  perovskite  system  (Lai_xSrx)Cr0.5Mn0.503_x 
has  shown  good  results  for  oxidation  of  wet  H2  and  CH4  at  900  C.  In 
recent  times,  appropriately  doped  double  perovskites  e.g.,  Sr2  * 
LaxMg1_xMnxMo06_x,  have  also  been  found  to  be  promising  [8-11], 

Third  category  of  anode  is  a  composite  material  consisting  of  a 
mixture  of  electronic  and  ionic  conductors  (generally  cermets),  in 
which  role  of  electronic  and  ionic  conductions  are  performed 
independently  by  two  different  materials.  Among  the  various  cer¬ 
mets  that  have  been  tested  as  anodes,  Ni/8  mol%  yttria  stabilized 
zirconia  (YSZ)  cermet  fulfils  most  of  the  requirements  of  anode  and 
abundant  amount  of  literature  is  available  on  its  electrical,  electro¬ 
chemical  and  mechanical  properties.  However,  the  disadvantages  of 
this  material  are:  its  poor  redox  stability,  low  tolerance  to  sulfur, 
carbon  deposition  on  using  hydrocarbon  fuels  and  the  tendency  of 
nickel  coarsening  after  prolonged  operation.  Cu-Ce02-YSZ  is  an 
alternative  cermet  anode  used  to  minimize  the  carbon  deposition 
in  which  Cu  acts  as  an  electronic  conductor  and  Ce02  acts  as  an 
electro  catalyst  [8-11],  Often,  metal  alloys  such  as  Cu-Ni,  Cu-Co  are 
used  along  with  YSZ  to  overcome  the  issues  associated  with  pure  Ni/ 
Co  pertaining  to  carbon  deposition,  electrocatalytic  activity,  etc.  A 
number  of  other  bi  and  tri  metallic  alloy  systems  in  combination  with 


Table  2 

Vol%  of  different  components  of  Ni/YSZ  anode  for  different  starting  compositions  of  NiO  and  YSZ. 


Solid  content 

Including  porosity 

Wt% 

Vol% 

Wt% 

Vol% 

Vol% 

NiO 

YSZ 

NiO 

YSZ 

Ni 

YSZ 

Ni 

YSZ 

YSZ 

Ni 

Pore 

10 

90 

8.95 

91.05 

8.03 

91.97 

5.47 

94.52 

91.05 

5.262 

3.688 

20 

80 

18.11 

81.89 

16.42 

83.58 

11.51 

88.49 

81.89 

10.65 

7.46 

30 

70 

27.49 

72.51 

25.19 

74.81 

18.24 

81.76 

72.51 

16.16 

11.33 

40 

60 

37.10 

62.9 

34.38 

65.62 

25.76 

74.24 

62.9 

21.8 

15.3 

50 

50 

46.94 

53.06 

44.00 

56 

34.23 

65.77 

53.06 

27.6 

19.34 

60 

40 

57.02 

42.98 
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70 

30 

67.36 

32.64 

64.71 

35.29 

54.84 

45.16 

32.64 

39.60 

27.76 

80 

20 

77.96 

22.04 

75.86 

24.14 

67.55 

32.45 

22.04 

45.84 

32.12 

90 

10 

88.84 

11.06 

87.61 

12.39 

82.41 

17.59 

11.06 

52.23 

36.61 

Component 

Mol.-wt. 

Density  (g  cm’ 

-3) 

Molar  volume  (cm3) 

Ni 

58.69 

8.907 

6.589 

NiO 

74.69 

6.67 

11.198 

8YSZ 

131.42 

5.90 

22.27 
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ceria  have  also  been  investigated.  Examples  include  Ru/YSZ,  Cu- 
Ce02-ScSZ  and  Ir/Ce{)yGd{)l02  x. 

Although  impressive  progress  has  been  made  in  the  develop¬ 
ment  of  alternative  anode  materials,  significant  problems  persist, 
particularly  due  to  their  low  catalytic  activity  and  electronic 
conductivity.  Some  of  the  MIEC-materials  and  few  of  the  compo¬ 
site  cermets  indeed  appear  appealing  for  the  anode  applications 
and  suitable  for  the  operation  of  SOFCs  directly  on  hydrocarbons. 
However,  the  difficulty  to  date  has  been  finding  a  material  that  has 
the  catalytic  activity  for  H2  oxidation  and  methane  reforming 
comparable  to  Ni  and  electronic  conductivity  close  to  Ni,  while 
having  good  mixed  conductivity.  MIEC-materials  are  not  suffi¬ 
ciently  stable  under  operating  conditions.  The  composition  and 
microstructure  of  these  new  anodes  need  further  optimization  in 
order  to  improve  their  electrochemical  characteristics.  Hence, 
despite  of  its  poor  carburization  and  sulfidation  capabilities;  even 
today,  Ni/YSZ  continues  to  be  the  most  sought  after  anodes  for 
high  temperature  SOFC  applications.  YSZ  being  cheaper  02~  ion 
conductor,  Ni/YSZ  is  appealing  even  economically  also.  The  con¬ 
cept,  microstructure  and  the  composition  of  Ni/YSZ  composite 
envisaged  by  Spacil  [12]  43  years  ago  is  veiy  relevant  even  today. 
However,  substantial  improvements  in  its  performance  has  been 
achieved  though  many  modifications  over  the  years. 

1.2.  Ni/YSZ  cermet  as  anode 

Modified  porous  Ni/YSZ  cermets  fulfill  most  of  the  require¬ 
ments  of  an  ideal  anode.  To  be  precise,  following  characteristics  of 
Ni/YSZ  make  them  especially  attractive: 

•  Ni  is  as  an  excellent  electrocatalyst  for  the  electrochemical 
oxidation  of  H2  with  high  electronic  conductivity 
(~2  x  104  S  cm~'  at  1000  °C). 

•  The  YSZ  constitutes  a  framework  for  the  dispersion  of  Ni.  It  also 
acts  as  an  inhibitor  for  the  coarsening  of  Ni  during  the 
operation  [13],  YSZ  offers  a  significant  part  of  ionic  contribution 
to  the  overall  conductivity,  thus  effectively  broadening  the 
TPB's. 

•  Chemically  stable  in  reducing  atmospheres  at  high  temperatures. 

•  Its  TEC  is  close  to  that  of  YSZ-electrolyte  when  compared  to 
pure  Ni  and  TEC  of  Ni/YSZ  anode  can  be  matched  with  other 
SOFC  components  by  varying  the  composition  [14], 

•  Intrinsic  charge  transfer  resistance  that  is  associated  with  the 
electrocatalytic  activity  at  Ni/YSZ  boundary  is  low. 

•  Ni  and  YSZ  are  essentially  immiscible  with  each  other  and  non¬ 
reactive  over  a  very  wide  temperature  range. 


the  fundamental  understanding  of  the  mechanism  and  kinetics  of 
electrode  reactions  in  SOFC. 

As  described  earlier  with  regard  to  electronic-ionic  composite 
cermet  anode,  electrochemical  reaction  in  Ni/YSZ  occurs  at  a  point 
where  Ni,  YSZ  and  pore  coexist  and  the  points  which  are 
connected  to  the  chains  of  Ni,  YSZ  and  pores  (EATPB).  Maximisa¬ 
tion  of  EATPB  is  essential  to  enhance  the  electrochemical  perfor¬ 
mance  of  Ni/YSZ  anodes  and  fine  tuning  of  the  microstructure  is 
necessary  to  maximize  the  EATPB  density.  Electrical  and  mechanical 
properties  of  anodes  should  also  be  considered  while  fine  tuning 
the  microstructure  to  maximize  EATPB. 

Based  on  the  conventional  ceramic  powder  mixing  process, 
general  processing  route  for  the  preparation  of  Ni/YSZ  cermet 
anodes  involves  the  following  steps:  (1)  homogeneous  mixing  of 
appropriately  sized  NiO  and  YSZ  in  an  appropriate  composition, 
(2)  firing  of  anodes  at  high  temperature  and  (3)  reduction  of  NiO/ 
YSZ  into  Ni/YSZ  during  the  operation  of  SOFC  or  external  reduction 
in  the  N2+H2  atmosphere  at  fuel  cell  operating  temperature  (600- 
1000  C).  Reduction  of  NiO  into  Ni  is  associated  with  the  genera¬ 
tion  of  pores  as  volume  reduction  of  about  ~41%  occurs  during  the 
conversion  of  NiO  into  Ni. 

Amount  of  porosity  created  during  the  reduction  depends  on 
the  composition  of  the  cermet.  It  increases  with  increase  in  the 
amount  of  NiO.  Vol%  of  different  components  of  anodes  (NiO,  Ni, 
YSZ  and  porosity),  calculated  based  on  the  molar  volumes  of  YSZ, 
Ni  and  NiO,  for  different  starting  composition  are  summarized  in 
Table  2. 

It  has  been  found  that  there  is  negligible  change  in  the  bulk 
dimensions  when  NiO/YSZ  composites  are  reduced  to  the  initial 
Ni/YSZ  anode  cermet,  when  vol%  of  YSZ  is  >  vol%  of  NiO.  The 
decrease  in  solid  volume  due  to  the  reduction  of  NiO  into  Ni 
mostly  appears  as  an  increase  in  the  volume  fraction  of  porosity. 
Electrical,  electrochemical  and  mechanical  properties  of  Ni/YSZ 
anodes  are  strongly  influenced  by  the  composition,  microstructure 
and  porosity  in  the  composites. 

Present  review  intends  to  provide  an  overall  perspective  on  the 
compositional,  microstructural,  electrical,  electrochemical  and 
thermo-mechanical  aspects  of  Ni/YSZ  composite.  It  would  also 
summarize  the  influence  of  various  parameters  on  the  properties 
of  the  Ni/YSZ  anode,  methods  employed  for  the  synthesis  of  anode 
material  and  the  fabrication  of  anode  components.  Drawbacks  of 
the  composite  and  the  advancements  that  have  taken  place  in 
composite  characterization  are  also  discussed  in  this  article. 


1.3.  Geometries  and  configuration  of  SOFC 


Ni/YSZ  cermet  was  introduced  to  overcome  the  issues  associated 
with  pure  Ni  with  regard  to  TEC  and  coarsening  effects  [12],  Since 
then  there  have  been  tremendous  progresses  and  achievements  in 
SOFC  technologies,  materials  aspect,  design  and  fabrication  and  in 


Anode 
Electrolyte 
|  Cathode 
Interconnect 


Fig.  4.  Solid  oxide  fuel  cell  with  (a)  planar  and  (b)  tubular  geometry  in  anode 
supported  configuration. 


SOFC  geometries  can  be  broadly  grouped  into  two  categories, 
namely,  planar  and  tubular  (Fig.  4).  In  the  planar  geometry,  the 
electrodes,  the  electrolyte  and  the  current  collectors  are  present  as 
flat  planar  components,  and  are  arranged  in  the  sandwich  fashion. 
In  this  geometry,  air  and  fuel  flowing  through  channels  are  built 
into  the  cathode  and  anode.  In  the  tubular  design,  components  are 
assembled  in  the  form  of  a  hollow  tube,  with  the  cell  constructed 
in  layers  around  a  tubular  cathode/anode;  air/fuel  flows  through 
the  inside  of  the  tube  and  fuel/air  flows  around  the  exterior. 

In  each  geometry,  SOFC  can  be  fabricated  into  three  configura¬ 
tions,  namely,  anode  supported,  cathode  supported  and  electrolyte 
supported,  named  based  on  the  major  component  that  provides 
the  mechanical  stability  to  the  entire  cell.  For  instance,  in  the 
anode  supported  SOFC,  thick  (~  0.5-1. 5  mm)  porous  anode  pro¬ 
vides  the  mechanical  support  to  the  entire  system.  Essential 
porosity  levels,  microstructural  features  and  conductivity  require¬ 
ments  of  anode  component  vary  for  each  category.  Fig.  5  shows 
the  different  configurations  of  planar  SOFC. 


154 


B.  Shri  Prakash  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  36  (2014)  149-179 


Fig.  5.  Planar  solid  oxide  fuel  cell  with  different  configurations:  (a)  electrolyte  supported,  (b)  cathode  supported,  (c)  anode  supported  monolithic  structure  and  (d)  anode 
supported  bi-layered  structure. 
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Fig.  6.  Conductivity  of  Ni/YSZ  cermets  vs.  the  vol%  of  Ni  of  total  solids  at  1000  °C  [15]. 

2.  Polarization  in  Ni/YSZ  anode 

Anode  component  contributes  to  the  overall  polarization  of 
SOFC  through  its  share  of  ohmic,  activation  and  concentration 
polarization.  Various  factors  influencing  these  polarizations  on 
using  Ni/YSZ  as  anode  are  described  in  this  section. 

2.1.  Ohmic  polarization  -  Electrical  conductivity 

An  important  factor  which  needs  to  be  optimized  in  the 
formulation  of  an  anode  cermet  is  the  electrical  conductivity 
(<re),  as  low  ae  results  in  ohmic  polarization.  A  typical  range  of 
ae  expected  for  an  anode  operating  at  1000  °C  is  100-400  S  cm-1. 
While  maximizing  cre,  aspects  pertaining  to  the  activation  polar¬ 
ization  (maximisation  of  TPB)  and  concentration  polarization 
(porosity  optimization)  should  also  be  given  due  consideration, 
as  all  the  three  factors  are  interlinked  and  cannot  be  optimized 
independently.  Though  cre  of  Ni  is  high  (cre~  140  x  104Scm_1  at 


25  °C),  overall  conductivity  of  Ni/YSZ  cermet  is  low  as  electro¬ 
nically  insulating  YSZ  (ffe~6  x  10~3  S  cm-1  at  25  C)  interrupts  the 
Ni-Ni  contact  [15],  Electrical  properties  of  Ni/YSZ  cermet  anodes 
are  reported  to  be  critically  dependent  on  the  composition, 
microstructure,  distribution  of  Ni  and  YSZ  phases  and  porosity. 
Factors  influencing  these  parameters  are  composition  of  NiO  and 
YSZ  phases,  NiO  and  YSZ  powder  characteristics,  fabrication 
process,  sintering  temperature,  reduction  temperature,  etc. 

Conductivity  of  the  Ni/YSZ-like  cermet  composites  is  generally 
explained  based  on  the  effective  percolation  theory  and  percola¬ 
tion  threshold.  For  simple  biphasic  cermet  system  consisting  of 
equi-sized  spherical  particles,  percolation  theory  predicts  S- 
shaped  curve  for  the  properties,  such  as  cre,  as  a  function  of 
conductive  phase  (metallic  phase  in  cermets)  and  a  percolation 
threshold  of  30  vol%.  Below  percolation  threshold,  oe  of  the 
composite  is  very  low  due  to  the  isolation  of  metal  particles  and 
above  30  vol%  metal,  oe  is  about  three-orders  of  magnitude  higher, 
corresponding  to  a  change  in  the  mechanism  of  conduction  from 
ionic  to  electronic  through  the  percolating  metallic  phase.  In 
accordance  with  the  theory,  S-shaped  curve  and  percolation 
threshold  of  ~30vol%  was  observed  even  in  Ni/YSZ  anodes 
(Fig.  6)  on  measuring  ae  as  a  function  of  Ni  content  and  cre  jumped 
from  0.1  to  103  S  cm-1  [15], 

Nature  of  transition,  percolation  threshold,  and  conductivity 
values  of  Ni/YSZ  are  revealed  to  be  influenced  by  distribution  of  Ni 
and  YSZ.  For  instance,  owing  to  the  microstructural  features  with 
good  dispersion  of  the  Ni  component,  smooth  transition  instead  of 
S-shape  threshold  was  observed  in  Ni/YSZ  cermet  prepared  using 
powders  prepared  by  self-propagating  high  temperature  synthesis 
(SHS).  High  temperature  experienced  for  a  short  period  of  time 
during  the  SHS  process  results  in  the  unique  microstructure  with 
homogeneous  dispersion  of  small  sized  Ni  and  YSZ  particles. 
Solution  based  synthesis  methods,  in  which  homogeneous  mixing 
of  Ni  and  YSZ  precursor  is  possible,  generally  result  in  cermet  with 
higher  conductivity  values,  that  too  at  lower  percolation  value.  For 
instance,  the  cermets  prepared  by  buffer  solution  [16],  electroless 
coating  [17]  were  found  to  be  electronically  conducting  even  with 
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20  vol%  Ni  which  is  substantially  lower  than  that  of  normally 
reported  values  (~30  vol%).  Percolation  threshold  was  even  lower 
(~15vol%)  while  using  Ni-coated  graphite  and  decrease  was 
attributed  to  large  effective  Ni  content  created  by  the  thin  Ni 
layers  in  the  cermet  [18-20],  Low  ae  and  high  percolation  thresh¬ 
old  values  are  the  features  that  are  generally  observed  in  the 
samples  prepared  by  solid-state  method  [17], 

Microstructural  features  and  connectivity  of  Ni  phase,  which 
influences  the  electrical  conductivity  and  percolation  threshold  of 
Ni/YSZ  cermets,  are  reported  to  be  strongly  dependent  on  the 
particle  size  and  distribution  of  both  Ni  and  YSZ  phases,  which  in 
turn  are  related  to  the  YSZ/NiO  size  ratio  (dysZ/dMO)  in  the  starting 
powder  [21-23],  General  observation  on  the  size  dependency  is 
that  the  cermets  with  smaller  Ni  particles  (higher  dyszldm  ratio) 
result  in  smaller  percolation  threshold  and  higher  conductivity. 
Electrical  conductivity  variation  from  300  to  4000Scm~1  at 
800  °C  has  been  observed  by  using  NiO  powder  with  decreasing 
size.  Enhanced  conductivity  on  increasing  the  dyszldmo  ratio  can  be 
attributed  to  the  easy  interconnection  of  finer  NiO  surrounding 
bigger  YSZ  particles.  To  increase  dYszldNio  ratio,  efforts  such  as  pre¬ 
calcination  of  YSZ  have  been  made  and  improved  conductivity  has 
been  achieved  [24,25], 

Connectivity  of  Ni  and  YSZ  phases  can  also  be  expected  to  be 
affected  by  the  heat  treatment  and  sintering  temperatures  of  the 
anodes  through  the  variation  in  the  connectivity  of  NiO  and  YSZ 
phases.  Improvement  in  the  electrical  conductivity  from  4  to 
800  Scm-1  at  1000  C  has  been  observed  while  increasing  the 
sintering  temperature  from  1300  to  1500  °C.  Increase  in  sintering 
temperature  also  resulted  in  lower  percolation  threshold,  which 
might  be  due  to  the  decreased  porosity,  narrowed  pore  size 
distribution  and  increased  connectivity  between  Ni  [26],  Increase 
in  reduction  temperature  also  resulted  in  enhanced  conductivity, 
which  can  be  speculated  to  be  due  to  the  formation  of  a 
continuous  Ni  network  at  higher  temperature  due  to  a  redistribu¬ 
tion  of  the  freshly  formed  metal  while  it  is  still  surface  active  [27], 

Increased  electronic  conductivity  can  be  achieved  by  increasing 
the  vol%  of  Ni  beyond  percolation  threshold.  However,  Ni  vol% 
cannot  be  increased  as  desired,  as  effect  of  increased  Ni  vol%  on 
other  polarizations  need  to  be  given  parallel  importance,  which  is 
usually  adverse.  Aim  should  be  to  find  out  an  optimum  composi¬ 
tion  of  Ni/YSZ  at  which  all  the  three  polarizations  are  synergisti- 
cally  low.  Though  electronic  resistance  decreases  continuously 
with  increase  in  the  vol%  Ni,  activation  polarization  generally 
exhibits  a  minimum  at  some  intermediate  value  and  increases 
on  further  increase  in  the  Ni  content.  Hence  optimum  amount  of 


Fig.  7.  Electrical  conduction  of  Ni/YSZ  composites  with  different  amount  of 
porosity  as  a  function  of  the  Ni  content  [20], 


Ni  should  be  considered  to  minimize  both  ohmic  and  activation 
polarization,  for  which  finding  out  percolation  threshold  is  very 
essential. 

Though  general  informations  about  percolation  threshold  can 
be  obtained  by  electrical  conductivity  measurements,  more  reli¬ 
able  information  about  the  percolation  threshold  and  electrical 
conductivity  and  their  correlation  can  be  gathered  from  advanced 
microstructural  characterization  techniques  such  as  focussed  ion 
beam  scanning  electron  microscope  (FIB-SEM)  [28-30],  Precise 
information  about  percolation  threshold  can  be  used  to  choose  an 
optimum  composition  of  maximum  performance. 

In  the  anode  supported  SOFC,  conductivity  requirements,  por¬ 
osity  levels  and  microstructural  features  of  anodes  in  functional 
layers  of  bi-layered  configuration,  conduction  layers  of  bi-layered 
configuration  and  anodes  in  the  homogeneous  monolayered  struc¬ 
tures  are  vastly  different  from  each  other.  In  the  conduction  layer,  Ni 
vol%  might  go  even  up  to  70%  to  achieve  high  electrical  conductiv¬ 
ity,  but  in  functional  layer  it  would  be  appropriate  to  restrict  Ni 
content  to  a  minimum  required  level.  Achieving  low  percolation 
threshold  in  the  anode  functional  layer  is  of  great  significance,  as 
higher  YSZ  in  the  cermet  would  provide  a  better  TEC  match  with 
the  YSZ  electrolyte.  This  would  result  in  better  operational  relia¬ 
bility  of  the  cell.  Low  percolation  should  also  increase  conductivity 
above  the  threshold  volume,  leading  to  lower  electrical  losses  in  the 
anode  material. 

Porosity,  third  component  in  the  cermet,  is  another  factor 
which  influences  the  overall  conductivity.  Porosity  is  generated 
due  to  the  reduction  of  NiO  into  Ni,  poor  sintering  of  the  cermet  or 
addition  of  extra  pore  formers.  Irrespective  of  the  source  of  the 
origin,  porosity  level  has  a  strong  effect  on  the  electrical  con¬ 
ductivity  through  its  impact  on  the  Ni-to-Ni  connectivity.  There¬ 
fore  the  electrical  conductivity  of  porous  Ni/YSZ  cermet  coatings  is 
expected  to  be  considerably  smaller  than  that  of  the  Ni/YSZ  cermet 
material.  Increased  porosity  in  the  cermet  composite  influences 
the  electrical  conduction  of  the  composite  in  two  ways:  (1)  it 
increases  the  percolation  threshold  at  which  conduction  occurs 
and  (2)  once  above  the  percolation  threshold,  increased  porosity 
decreases  the  conductivity  of  the  composite  at  a  particular  sample 
nickel  solids  loading. 

It  is  reported  that  for  a  given  vol%  of  porosity,  the  decrease  in 
the  conductivity  values  also  depend  on  the  size  of  the  pores  and 
the  prediction  is  that  pores  with  size  significantly  larger  than  the 
size  of  Ni  and  YSZ  have  a  minimal  impact  on  the  conductivity  [18- 
20],  On  the  other  hand,  fine  scaled  porosity  is  more  likely  to 
interrupt  the  continuity  of  the  Ni  phase  and  thus  impacting  on  the 
conductivity  to  a  larger  extent.  Attaining  a  high  conductivity  in  a 
Ni/YSZ  cermet  with  higher  level  of  porosity  is  of  great  significance. 
In  this  regard,  high  conductivity  (~104  S  cm-1)  achieved  with  40% 
porosity  and  30  vol%  of  Ni  by  adding  Ni  coated  graphite  particles  to 
the  starting  composition  instead  of  separately  adding  graphite  and 
Ni  particles  is  significant  (Fig.  7)  [20], 

In  conclusion,  conductivity  of  Ni/YSZ  anode  is  influenced  by 
various  factors  such  as  composition,  microstructure,  size  ratio  of  Ni 
and  YSZ,  sintering  temperature,  reduction  temperature,  porosity, 
etc.,  and  its  maximization  is  essential  to  minimize  the  ohmic 
polarization.  During  the  process,  attention  should  also  be  paid  to 
minimize  the  other  polarizations.  Achieving  lower  percolation  is  of 
great  significance  as  cermet  with  lower  value  of  Ni  result  in  better 
adhesion  with  the  YSZ  electrolyte  layer  due  to  the  comparable  TEC 
and  shrinkage  characteristics. 

2.2.  Activation  polarization  -  Triple  phase  boundary 

Activation  polarization  of  an  anode  is  related  to  its  ability  for 
electrochemical  oxidation  of  a  fuel  and  it  contributes  to  the 
polarization  even  in  the  low  current  ranges  (Fig.  2).  Factors  that 
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Fig.  8.  (a)  Schematic  diagram  showing  the  F1B-SEM  geometry,  (b)  low-magnification  SEM  image  of  a  FIB-etched  region  at  the  anode/electrolyte  interface  of  a  SOFC,  (c)  3D 
anode  reconstruction  (Ni  (green),  YSZ  (translucent/grey),  and  pore  (blue)  phases)  and  (d)  3D  map  of  the  three-phase  boundaries  in  the  anode  (  grey  -  connected  TPB)  [34], 


Table  3 

Percolated  TPB  density  obtained  by  different  models  and  FIB-SEM  reconstructed  experimental  electrodes. 


Source 

Particle  diameter 
(inn) 

Volume  fractions 

Percolated  TPB  (^m  2) 

Comments 

Ni 

YSZ 

Pore 

[57] 

1 

0.395 

0.395 

0.21 

3.40 

Model  with  mono  sized  particles 

0.5 

0.395 

0.395 

0.21 

13.81 

1 

0.38 

0.31 

0.31 

2.72 

[35] 

2 

0.4 

0.4 

0.3 

0.4 

Model  with  mono  sized  particles 

[40] 

1 

0.4 

0.3 

0.3 

2.9 

Model  with  mono  sized  particles 

[41] 

0.5 

0.395 

0.395 

0.21 

10.4 

FIB-SEM 

[34] 

Not  reported 

0.259 

0.546 

0.195 

2.70 

FIB-SEM 

[47] 

Not  reported 

0.25 

0.25 

0.5 

1.539 

FIB-SEM 

[58,59] 

Not  reported 

0.45 

0.35 

0.2 

9.34 

FIB-SEM 

0.63 

0.274 

0.094 

4.25 

[34] 

Not  reported 

3.7-49 

FIB-SEM 

influence  the  electrochemical  activity  of  an  anode  include  TPB, 
connectivity,  catalytic  surface  area  and  tortuosity.  Investigations 
on  nickel  patterned  anodes  have  provided  enough  evidences  to 
prove  that  length  of  the  TPB  (generally  mentioned  in  the  units  of 
pm/pm3  (pm-2))  can  be  directly  linked  with  the  electrode's 
performance  [31-33].  The  numbers  of  percolated  TPBs  are 
believed  to  be  the  direct  indicator  of  the  electrochemical  perfor¬ 
mance  of  an  electrode,  although  it  is  not  the  only  factor  that 
determines  an  electrode's  performance.  Factors  that  might  influ¬ 
ence  the  electrochemical  performance  of  anode  are  mostly  known, 
but  it  is  difficult  to  control  them  during  the  fabrication.  None¬ 
theless,  these  parameters  are  dependent  on  the  “controllable” 
factors  such  as  electrode  composition,  particle  sizes,  and  their 
distribution.  For  the  optimization  of  Ni/YSZ  anode  and  the  mini¬ 
mization  of  activation  polarization,  a  thorough  understanding  of 
the  relationships  between  “controllable”  and  “uncontrollable” 


factors  is  essential.  Controllable  parameters  have  to  be  adjusted 
in  such  a  way  that  resulting  anode  possesses  large  TPB  density  and 
low  tortuosity  factor.  Many  model  systems  and  experimental 
methods  have  been  put  into  use  to  quantify  and  correlate  “con¬ 
trollable”  and  “uncontrollable”  factors.  Both  in  modeling  and 
experiments,  it  is  essential  to  distinguish  between  active  (EATPB) 
and  inactive  components  of  TPB's. 

Electrode  microstructure  models  may  be  constructed  in  ID,  2D 
or  3D  with  3D  being  the  best  to  mimic  the  actual  microstructural 
features  [35-38],  3D  synthetic  microstructures  are  generated  by 
randomly  distributing  the  spherical  particles  corresponding  to 
YSZ,  Ni  and  pores  into  either  a  fixed  bed  or  cubic  lattice.  Monte 
Carlo  techniques  are  used  for  the  same  [35,39-42],  For  particle 
packing  through  a  numerical  sintering  process,  which  mimics  the 
densification  process  in  real  electrodes,  discrete  element  method 
(DEM)  can  be  employed  [43],  Some  researchers  have  used  a 
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correlated  resistor  network  model  to  represent  the  electrodes  by 
discretizing  the  particle  packing  into  a  resistance  network, 
through  which  the  resistance  and  the  effective  conductivity  of 
the  electrodes  have  been  calculated  [43,44],  In  the  experimental 
front,  though  2D  stereological  methods  involving  SEM  studies 
have  been  partially  successful  [45];  advent  of  FIB-SEM  has  sub¬ 
stantially  increased  the  valuable  microstructural  information  that 
can  be  extracted  [34,46-51],  In  FIB-SEM  method,  FIB  is  first  used 
to  ion  mill  a  trench  in  the  SOFC  in  the  region  of  interest  such  as 
anode-electrolyte  interface.  Subsequently,  thin  sections  are 
removed  from  an  exposed  surface  by  the  FIB,  followed  by  SEM 
imaging  of  the  surface,  and  the  process  is  repeated  to  yield  a  series 
of  consecutive  SEM  images.  A  3D  reconstruction  of  the  anode  is 
obtained  by  stacking  the  2D  SEM  images  in  3D  space  [34],  Thus 
FIB-SEM  produces  3D  digital  recreations  of  real  microstructures 
with  resolution  as  low  as  ~  10  nm  and  volumes  >  100  pm3  (Fig.  8). 

These  digital  recreations  can  be  used  to  quantify  and  distin¬ 
guish  between  TPB  and  EATPB.  Subsequently,  density  of  EATPB  of 
anode  can  be  correlated  with  its  electrochemical  performance. 
EATPB  numbers  are  generally  much  lower  than  the  total  TPB 
numbers  and  correspond  only  60-80  %,  with  their  number 
decreasing  further  for  coarser  grained  Ni/YSZ  anode  [49],  Table  3 
compares  the  percolated  TPB  density  obtained  from  different 
model  electrodes  and  from  FIB-SEM  reconstructed  experimental 
electrodes. 

Number  of  TPB's,  EATPB's  and  the  difference  between  them 
depends  on  the  composition,  size  and  shape  of  the  particles. 
Composition  at  which  maximization  TPB  and  EATPB  values  occur 
depends  on  size  and  the  size  ratio  between  different  components. 
From  microstructural  modeling,  it  was  observed  that  for  equi- 
sized  particles  of  Ni  and  YSZ,  variation  of  TPB  with  volume  fraction 
of  Ni  gives  a  curve  with  a  maximum  at  equal  volume  of  Ni  and  YSZ. 
An  asymmetric  curve  would  be  obtained  for  unequal  sized 
particles  with  optimum  volume  shifting  to  higher  volume  fraction 
for  bigger  sized  Ni  particles  [40,52,53],  Furthermore,  microstruc¬ 
tural  modeling  also  predicts  a  significant  decrease  of  the  EATPB 
length  for  compositions  below  the  percolation  threshold  [54,55], 
However,  experimental  quantifications  observed  highest  TPB  den¬ 
sity  at  a  Ni  solids  volume  fraction  of  ~0.34  (corresponding  to 
50  wt%  NiO),  where  difference  between  TPB  and  EATPB  was  also 
low.  At  the  composition  corresponding  to  the  maximum  TPB 
density,  anode  polarization  resistance  was  minimum.  At  higher 
vol%  of  Ni,  though  difference  between  TPB  and  EATPB  remained 
lower,  their  actual  number  decreased  [56].  Maximum  EATPB 
observed  at  lower  volume  fraction  of  Ni  might  be  due  to  the 
smaller  size  of  the  Ni. 

A  substantial  difference  between  experimental  and  model 
results  might  arise  due  to  the  difficulties  that  are  involved  in  the 
experimental  FIB-SEM  and  simplified  assumption  that  are  con¬ 
sidered  in  the  model.  In  modeling  different  components  of  anodes 


are  considered  as  spheres.  However,  the  microstructures  of  real 
composite  anodes  are  strongly  disordered  and  the  particles  tend  to 
have  complex  shapes  due  to  the  processes  such  as  agglomeration 
and  coarsening.  Nonetheless,  based  on  the  literature  (both  experi¬ 
mental  and  modeling),  following  conclusions  can  be  drawn  on  the 
TPB's: 

(i)  Both  experimental  and  modelling  studies  suggest  that  there  is 
an  optimum  compositional  value  at  which  TPB  is  maximum 
and  there  is  a  decrease  on  either  side. 

(ii)  Reported  TPB  values  are  in  the  same  order  of  magnitude  (~5- 
10  pm~2),  both  in  experimental  and  modelling  studies. 

(iii)  For  a  given  particle  size,  TPB  density  decreases  with  increase 
in  the  porosity. 

(iv)  Both  modeling  and  experiments  suggests  that  TPBL  can  be 
effectively  increased  by  decreasing  the  particle  sizes.  It  is 
reported  in  the  literature  that  TPB  density  decays  with 
particle  diameter  (D)  as  a  function  of  1/D1/2  [60], 


2.3.  Concentration  polarization  -  Porosity 

For  efficient  functioning  of  Ni/YSZ  as  an  anode,  an  optimum 
amount  of  porosity,  its  appropriate  distribution  and  connectivity 
are  veiy  essential  to  facilitate  easy  transportation  of  fuel  gas 
towards  the  reaction  site  and  the  reaction  product  diffusing  out 
of  the  electrode  [61],  In  addition  to  the  vol%  of  porosity,  factors 
such  as  nature  of  the  pores  (closed  pores  or  open  pores),  size  of  the 
pores,  pores  size  distribution,  pore  tortuosity,  etc.,  play  a  dominant 
role  in  impacting  the  polarization  characteristics  of  Ni/YSZ  anode. 
TPB's  which  are  not  connected  to  gas  chains  through  open  pores 
are  electrochemically  inactive.  In  addition,  when  reduced  vol%  of 
pores  is  present  or  size  of  the  existing  pores  is  small,  diffusion 
becomes  increasingly  difficult,  especially  with  increase  in  the 
operating  current  density.  It  results  in  a  concentration  polarization 
and  reduced  efficiency.  Closed  pores  are  not  only  ineffective  in 
supplying  the  gas,  but  also  detrimental,  as  they  might  occupy  the 
regions  which  otherwise  would  have  been  occupied  by  EATPB's. 
Different  types  of  pores  that  can  be  present  in  Ni/YSZ  anode 
substrate  are  schematically  depicted  in  Fig.  9.  Evaluation  of  pores 
for  its  quantity  and  quality/nature  can  be  done  by  the  combination 
of  characterization  methods  such  as,  density  measurements, 
optical  microscopy,  SEM  studies,  FIB-SEM  studies,  mercury  por- 
osimetry,  permeability  tests,  etc.  [62], 

Depending  on  the  amount  of  NiO  present,  some  amount  of 
pores  (either  closed  or  open)  are  generated  during  the  formation 
of  Ni/YSZ  as  reduction  of  NiO  into  Ni  is  associated  with  40% 
reduction  in  the  volume  (Table  2).  For  efficient  functioning,  state- 
of-the  art  homogeneous  Ni/YSZ  anodes  are  expected  to  possess 
~30-35vol%  porosity  and  a  Ni  content  of  ~30-35  vol%  (as  a 
fraction  of  the  total  solids,  i.e„  Ni  and  YSZ).  However,  only  17- 
20  vol%  of  porosity  would  be  generated  during  the  reduction  of 
NiO  corresponding  to  30-35  vol%  Ni.  Moreover,  it  is  unlikely  that 
entire  vol%  porosity  is  retained  after  the  completion  of  the 
reduction  process  due  to  pore  coalescence  and/or  vanishing 
processes.  It  would  be  ideal  if  all  the  pores  that  are  generated 
during  the  reduction  are  open,  as  these  pores  are  created  in  the 
neighborhood  of  Ni  and  would  facilitate  effective  conversion  of 
TPB  into  EATPB.  However,  depending  on  the  initial  NiO  size,  only 
small  sized  pores  ( ~  1.0-2.0  pm)  are  formed  during  the  reduction 
and  are  not  sufficient  for  the  diffusion  of  large  amount  of  fuel  and 
product,  especially  when  the  cells  are  operated  at  high  current 
densities.  Increased  vol%  of  porosity  achieved  by  increasing 
amount  of  NiO  is  not  advisable  as  it  leads  to  the  reduction  in  the 
number  of  TPB's.  Increased  porosity  achieved  by  reducing  the 
sintering  temperature  is  also  not  acceptable,  as  it  leads  to  Ni 
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coarsening  on  reduction,  and  in  turn  reduced  TPB  and  reduced 
mechanical  properties. 

Porosity  and  pore  size  requirements  of  Ni/YSZ  anodes  would 
vary  depending  on  whether  it  serves  simply  as  an  electrode  or  it 
serves  a  dual  role  of  providing  the  mechanical  support  and  the 
electrode.  In  cathode  and  electrolyte  supported  SOFC,  porosity 
requirements  of  anode  are  not  very  stringent,  as  anode  thickness 
in  these  configuration  is  lower  (~  20-50  pm).  In  addition,  due  to 
the  reduced  firing  temperature  of  the  anodes  (~1300  °C)  in  such 
configurations,  Ni/YSZ  would  possess  inherent  additional  pores 
even  prior  to  the  reduction.  Most  state-of-the  art  anodes  in  such 
configuration  are  homogeneous  in  structure,  in  which  existence  of 
a  large  amount  of  very  fine  components  (Ni,  YSZ  and  pores)  can 
increase  the  reaction  area  tremendously.  Small  sized  pores  that  are 
generated  during  the  reduction  of  NiO  corresponding  to  30-35  vol 
%  of  Ni  along  with  the  pores  that  are  inherently  present,  would 
probably  be  sufficient  if  all  the  pores  are  connected,  especially 
when  SOFC  is  operating  at  lower  current  density.  Increased 
amount  of  porosity  or  very  large  sized  pores  in  such  cases  will 
reduce  the  total  amount  of  TPB  available  for  reaction.  If  diffusion  of 
gas  within  the  fine  pores  is  relatively  slow  and  limits  the  overall 
reaction  rate,  especially  at  higher  current  rates,  optimum  amount 
of  small  sized  pore  formers  (2-3  pm)  can  be  added. 

In  recent  years,  after  the  advent  of  anode-supported  design, 
where  the  anodes  are  required  to  be  relatively  thicker  than  in  the 
other  two  configurations,  porosity  engineering  has  attained  a 
greater  significance.  For  an  anode-supported  SOFC,  thickness  of 
anode  needs  to  be  higher  (~  0.5-1. 5  mm)  to  perform  the  role  of 
both  mechanical  support  and  an  electrode.  In  addition,  unreduced 
anode  substrate  in  such  configuration  is  likely  to  contain  lesser 
amount  of  inherent  pores  and  minimum  (or  no)  open  pores  due  to 
high  firing  temperature  (~  1400-1450  °C).  In  such  thick  anodes, 
diffusion  of  gases  through  the  pores  produced  due  to  the  reduction 
of  NiO  into  Ni  would  be  extremely  difficult  even  if  all  the  pores  are 
connected  and  cells  are  operated  at  lower  current  density. 

In  the  anode-supported  design,  anodes  with  bi-layered  config¬ 
uration  have  attracted  more  attention  due  to  the  higher  efficiency. 
Microstructural  engineering  aspects  encompassing  porosity,  pore 
size,  particle  size,  etc.,  are  different  while  pursuing  mono-layered 
and  bi-layered  anode  supported  configurations.  The  main  require¬ 
ments  of  the  anode  part  which  serves  only  as  a  mechanical 
support  (called  anode  support  layer)  in  bi-layered  anode  structure 
are  mechanical  strength,  gas  permeability  (higher  porosity),  and 
electronic  conductance  (higher  volume  fraction  of  Ni).  Thus 
aspects  of  porosity  engineering  vary  vastly  depending  on  the 
configuration  of  the  cell. 

Depending  on  the  configuration  (mono  or  bi-layered),  many 
methods/approaches  have  been  employed  to  introduce  additional 


porosity  in  the  anode,  e.g.,  varying  the  composition  of  Ni  [63],  pre¬ 
calcining  the  starting  YSZ  powder  in  the  NiO/YSZ  anode  [24,25], 
adjusting  the  sintering  temperature  [64]  and  using  organic  pore- 
formers  [65,66].  During  porosity  engineering  to  enhance  the  gas 
permeability,  it  has  to  be  kept  in  mind  that  it  is  not  always  higher 
porosity  that  is  important,  but  right  distribution  of  appropriately 
sized  pores  and  proper  connectivity  between  those  pores  is  more 
important  than  apparent  total  porosity  itself.  Also,  porosity  engi¬ 
neering  must  be  carried  out  by  keeping  both  TPB  and  gas  diffusion 
in  mind  and  optimization  demands  greater  attention  to  minimize 
both  concentration  and  activation  polarization. 

In  gradient  type  of  anodes,  increased  porosity  has  been 
achieved  by  way  of  increasing  amount  of  NiO  [63],  Layers  close 
to  the  electrolyte  had  smaller  NiO  content  (say  40  wt%  of  NiO)  and 
layers  farther  away  from  the  interface  had  the  highest  NiO  content 
(say  70  wt%  of  NiO).  Porosity  gradient,  with  increasing  amount  of 
porosity  from  the  anode/electrolyte  interface  was  thus  achieved. 
However,  the  strategy  of  increasing  the  NiO  content  to  increase  the 
porosity  cannot  be  employed  for  homogeneous  anodes,  in  which 
pre-calcining  of  YSZ  (around  1000  °C)  is  an  alternative  option  [25], 
As  coarsened  YSZ  particles  lead  to  the  reduction  in  the  TPB  sites, 
improved  electrochemical  performance  cannot  be  guaranteed  in 
such  anodes.  Porous  microstructure  achieved  by  reducing  the 
sintering  temperature  is  also  not  acceptable  as  reduced  contiguity 
among  the  constituent  phases  degrades  electrical,  electrochemical 
and  mechanical  integrity  of  anodes.  Pores  created  due  to  the 
incomplete  sintering  might  also  provide  room  for  the  coalescence 
of  Ni  during  the  reduction,  leading  to  excessive  grain  growth  and 
major  microstructural  modifications  on  long  term  use  in  SOFC. 
Poor  connectivity  of  YSZ  component  due  to  the  reduced  sintering 
temperature  would  compromise  on  the  mechanical  integrity  of 
anode.  Low  temperature  sintered  anode  might  also  lead  to 
amplified  anode  over  potential  due  to  the  bad  anode/electrolyte 
contact.  Hence,  generation  of  porosity  through  the  above  men¬ 
tioned  methods  are  less  recommended. 

Alternatively,  by  altering  the  components  and  the  composition 
of  constituent's  of  fabrication  process,  additional  porosity  can  be 
generated.  For  instance,  by  increasing  the  amount  of  gelling  agent 
(such  as  urea-formaldehyde),  increased  amount  of  open  pores  can 
be  achieved  in  the  anode  substrates  fabricated  by  gel  casting  [67], 
Relatively  coarse  pore  channels  with  high  gas  permeability  have 
been  achieved  in  anode  substrate  by  using  coat  mixed  NiO/YSZ 
powders,  instead  of  mechanically  mixed  powders  [67],  Coat  mix 
powders  are  the  flowable  powders  obtained  by  agglomeration 
process  by  using  higher  amount  of  binder  solution. 

On  the  other  hand,  usage  of  a  pore  former  is  an  alternative 
option,  through  which  continuity  of  both  phases  (Ni  and  YSZ) 
could  be  achieved  along  with  the  retention  of  required  level  of 
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Fig.  10.  (a)  Micrograph  of  rice  starch  particles  used  as  pore  formers  and  (b)  performance  of  single  cells  tested  with  different  anodes  that  had  rice  starch  as  a  pore  former  [66], 
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Fig.  11.  Anode  microstructures  before  and  after  reduction  in  hydrogen  at  800  C:  (a)  &  (b)  plain  anode  microstructure  without  any  pore  former  and  (c)  &  (d)  20  wt%  rice 
starch  pore  former  [66]. 
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Fig.  12.  Porosity  distribution  in  (a)  homogeneous  mono-layered  anode  and  (b)  bi-layered  anode. 


porosity  and  pore  size  distribution.  As  a  result,  usage  of  pore 
formers  has  emerged  as  an  effective  way  to  tailor  the  porosity  and 
minimize  the  polarization.  These  pore  formers  are  often  organic 
materials,  which  decompose  to  gases  during  heat  treatment 
processes.  These  organic  particulates  are  chosen  such  that  they 
pyrolyze  during  the  binder  removal  step,  leaving  stable  voids  that 
are  not  removed  during  the  subsequent  sintering  process.  Graphi¬ 
tic  carbon  [68],  short  carbon  fibers,  polymer  spheres  [69,70],  flour 
[71],  rice  and  starch  [66,71],  etc.,  are  the  pore  formers  that  are 
generally  being  used  in  SOFC  anodes.  Criteria  for  selection  of  the 
pore  former  include  particle  size,  decomposition  with  minimal 
residue  at  reasonably  low  temperatures,  and  compatibility  with 
other  materials  in  the  anode.  The  effect  of  additional  porosity 
produced  by  the  pore  former  on  the  TPB  areas  is  usually  paid  more 
attention.  Other  factors  which  deserve  due  consideration  are:  (1) 
electrical  conductivity,  (2)  CTE  that  matches  the  other  cell  compo¬ 
nents,  (3)  a  high  degree  of  porosity  to  supply  fuel  and  remove 
reaction  products  and  (4)  sufficient  mechanical  strength  to  sup¬ 
port  the  cell.  In  addition,  if  the  anode  has  to  be  co-sintered  with 
the  other  cell  components  like  electrolyte,  influence  of  pore 
formers  on  the  shrinkage  and  sintering  characteristics  of  the 


anode,  should  also  be  taken  into  account.  Small  sized  pore  formers 
( <  3  pm)  such  as  activated  carbon  significantly  influence  the 
shrinkage  (and  consequentially  sintering  kinetics)  and  conductiv¬ 
ity  of  anode  when  compared  to  the  bigger  sized  pore  formers  such 
as  flour,  starch  (~20pm)  [72],  Bigger  pore  formers  adjust  the 
porosity  and  resultantly  increase  gas  diffusion  more  effectively. 

Owing  to  the  improved  gas  diffusion,  reduction  in  the  polariza¬ 
tion  resistance  from  0.15  to  0.08  <2  cm2  at  850  °C  have  been 
reported  for  mono-layered  anode  substrates  added  with  40  vol% 
corn  starch  as  pore  former.  As  increased  gas  diffusion,  achieved 
through  increased  pore  former  amount,  is  not  the  sole  criterion  for 
enhanced  performance;  optimization  of  pore  former  amount  is 
veiy  essential.  This  optimum  can  be  attributed  to  the  consequence 
of  trade  off  between  increasing  gas  diffusion  to  the  active  TPB 
region  of  the  anode  and  the  loss  of  performance  because  of  the 
replacement  of  active  TPB  regions  of  the  anode  with  porosity.  At 
lower  %,  pores  generated  due  to  the  pore  formers  can  be  expected 
to  form  isolated  islands  and  pores  due  to  the  reduction  of  NiO 
forming  a  link  between  those  pores. 

In  such  case,  porosity  generated  due  to  the  pore  former  would 
serve  only  as  local  gas  reservoir  and  permeability  of  such  anode 


160 


B.  Shri  Prakash  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  36  (2014)  149-179 


Fig.  13.  Cross-sectional  SEM  images  the  anode  substrates  before  reduction  using  (a)  flour  and  (b)  fibers  as  pore  former  [74], 


Fig.  14.  Schematic  diagram  of  possible  reaction  process  for  H2  oxidation  around  the  H2  H20/anode/electrolyte  interfaces  [86]:  (a)  depicting  the  role  of  interstitial  hydrogen 
and  hydroxyl  formation  at  the  Ni/YSZ  interfaces  [79,84]  and  (b)  showing  two  electrode  process  on  the  surface  of  Ni  particles  and  a  charge  transfer  process  on  zirconia 
electrolyte  surface  [2,77], 


would  not  be  superior  to  the  pore  former-free  anodes.  Hence, 
pores  generated  due  to  the  pore  formers  have  to  result  in 
continuous  channels  among  themselves  for  them  to  be  effective 
in  providing  the  pathways  for  gas  diffusion,  especially  at  high 
power  conditions.  Highest  performance  observed  in  the  case  of 
anode  added  with  20  wt%  of  pore  former  (starch-particle  size  4- 
5  pm)  when  compared  to  10  and  30  wt%  pore  former  added 
samples,  might  have  stemmed  due  to  the  above  reason  [66] 
(Figs.  10  and  11).  Similar  observations  have  been  made  in  the  case 
of  anodes  added  with  flour  as  a  pore  former  [71  ].  Optimum  wt%  of 
pore  former  corresponding  to  maximum  power  density  would  be 
different  for  different  pore  formers  due  to  the  differences  in  their 
density  and  corresponding  difference  in  the  vol%  they  occupy.  In 
mono-layered  homogeneous  anodes,  pore  formers  in  the  size 
range  of  5-10  pm  and  wt%  corresponding  to  ~30vol%  (where 
isolated  pores  are  expected  to  become  percolated  pores)  are 
generally  added.  In  a  bi-layered  anode  structure,  bigger  sized  pore 


formers  (20-30  pm)  in  higher  quantity  (to  achieve  porosity  of 
50-60%)  are  incorporated  in  to  the  anode  substrate  (Fig.  12b)  [71], 

If  porosity  level  in  the  functional  layer  is  required  to  be 
enhanced,  smaller  sized  pore  formers  like  activated  carbon  are 
added.  Usage  of  nickel  coated  graphite  particles  to  the  tape  casting 
slurry  instead  of  separate  graphite  has  resulted  in  a  large  amount 
of  fine  scaled  porosity  in  the  functional  layer  [19].  These  samples 
consisted  of  finer  scaled  microstructure  of  Ni,  YSZ  and  pores.  On 
the  contrary,  graphite  pore  formers  added  separately  resulted  in 
larger  sized  pores  to  be  appropriate  to  be  used  in  a  conduction 
layer. 

Instead  of  single  pore  former,  composite  pore-former  contain¬ 
ing  two  or  more  pore  formers  in  the  different  size  range  can  be 
used  to  enhance  the  pore  network  and  alter  the  shrinkage  kinetics 
[71,73],  While  bigger  pore  formers  like  PMMA,  flour,  etc.,  adjust 
the  porosity  effectively  through  the  generation  of  stable  and  larger 
sized  pores  (  >  5  pm),  smaller  pore  formers  like  activated  carbon 
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Fig.  15.  Schematic  diagram  of  the  competitive  adsorption  mechanism  on  Ni/YSZ 
anode  [87], 


and  kinetics  that  occurs  at  the  anode  and  elucidating  structure- 
property-performance  relationships  is  essential.  Understanding 
requires  extensive  experimental  investigation  as  well  as  the 
modeling. 

Overall  reaction  occurring  at  the  anode  may  be  given  as 
02~  (electrolyte)+H2  (fuel  gas)->H20  (product)+2e'(anode) 

Above  reaction  might  occur  through  following  steps: 

1 )  Adsorption  of  H2  on  the  surface  of  YSZ  or  Ni  of  anode. 

H2  (fuel  gas)->H2ads  (YSZ  or  Ni) 

2)  Surface  diffusion  of  adsorbed  H2  to  TPB 
H2ads  (YSZ  or  Ni)->H2ads  (TPB) 

3)  Anodic  electrochemical  reaction 

OJ( electrolyte )+H2ads  (TPB)->H20  (product)+2e'  (anode)+Va. 
(electrolyte) 
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Fig.  16.  Effect  of  anode  thickness  on  the  overall  resistance  of  an  anode  [81], 


tailor  the  shrinkage.  In  addition  to  adjusting  the  shrinkage,  smaller 
pores  ( ~  1  pm)  produced  by  small  sized  pore  formers  promote  the 
increase  in  the  TPB  length.  Amount  of  bigger  pore  formers  has  to 
be  adjusted  to  a  level  where  isolated  pores  begin  to  percolate  to 
form  a  pore  network  channel. 

Apart  from  overall  open  porosity,  factors  such  as  tortuosity  of 
the  pores  and  orientation  of  the  pores  should  also  be  given  due 
attention  as  tortuous  path  hinders  the  easy  diffusion  of  the  gas  and 
pores  that  are  oriented  in  the  direction  parallel  to  the  anode/ 
electrolyte  interfaces  are  highly  ineffective  [75],  When  compared 
to  spherical  shaped  pore  formers,  anisotropic  pore  formers  such  as 
the  graphite  have  greater  tendency  to  get  aligned  in  the  direction 
parallel  to  the  anode  surface  during  the  fabrication  processes  such 
as  uni-axial  pressing  and  tape  casting,  resulting  in  pores  parallel  to 
the  anode/electrolyte  interface,  which  is  unwarranted  [76],  By 
producing  cylindrical  gas  channels  aligned  perpendicular  to  the 
anode/electrolyte  interface  on  using  pore  formers  such  as  paper 
fiber  and  employing  appropriate  fabrication  technique,  gas  diffu¬ 
sion  can  be  enhanced  significantly  (Fig.  13)  [67,74], 


3.  Kinetics,  reaction  mechanism  and  models  for  Ni/YSZ  anode 

For  the  synthesis  and  development  of  an  optimized  Ni/YSZ  anode 
material  and  the  electrode,  understanding  the  reaction  mechanism 


On  successful  identification  of  the  rate  limiting  step,  electrode 
could  be  specifically  designed  to  reduce  or  even  to  avoid  the 
limitation. 

In  the  last  decade,  numerous  mechanistic  theories  have  been 
proposed  debating  the  different  rate  determining  steps.  That 
particular  step  might  include,  adsorption  [31,77],  surface  diffusion 
[77-80],  reactivity's  and  charge  transfer  [77-84],  hydrogen  deso¬ 
rption  rates  [23,78,81,85],  catalytic  effects  of  water  [31  ],  the  role  of 
the  YSZ  support  [81],  and  others. 

Any  of  the  following  steps,  which  might  be  involved  in  the 
Ni/YSZ  anodic  reaction,  could  be  rate  determining:  (i)  electronic 
conduction  of  Ni  and  ionic  conduction  of  YSZ,  (ii)  surface  adsorp¬ 
tion  (either  on  Ni  or  YSZ),  (iii)  surface  diffusion  of  species  (Had,  Oad, 
OHad  " )  on  anode  surface  or  diffusion  of  H  in  the  anode  metal  to 
the  reaction  sites,  (iv)  electrochemical  and  chemical  reaction  steps 
at  the  TPB,  and  (v)  concentration  polarization  in  the  anode 
structure.  The  rate  determining  reaction  process  must  be  clarified 
to  minimize  anodic  over  potential  and  improve  the  performances 
of  SOFCs. 

There  is  a  general  consensus  among  different  models  with 
regard  to  the  adsorption  and  to  the  desorption  behavior  of 
hydrogen  as  well  as  to  the  formation  of  hydroxyl.  However,  these 
models  opine  differently  with  regard  to  the  following  points: 
(i)  location  of  chemical  and  the  electrochemical  reactions  (either 
merely  on  the  Ni  surface  or  equally  on  the  Ni  and  on  the  YSZ 
surface,  respectively),  (ii)  reactions  related  to  the  interstitial 
oxygen  in  the  YSZ,  (iii)  the  adsorption  and  the  desorption  behavior 
of  water,  (iv)  charge  transfer  step  and  (v)  means  of  removal  of 
oxygen  from  the  YSZ.  Oxygen  becomes  either  adsorbed  onto  the 
YSZ  surface,  or  it  forms  a  hydroxyl  interstitial,  or  a  negatively 
charged  hydroxyl  on  the  Ni  surface,  or  water  is  immediately 
formed  without  any  intermediate  step. 

Possible  role  of  interstitial  hydrogen  and  hydroxyl  formation  at 
the  Ni/YSZ  interfaces,  as  suggested  in  the  literature,  are  schema¬ 
tically  shown  in  Fig.  14a.  Some  other  groups  found  that  hydrogen 
oxidation  in  Ni  anodes  is  controlled  by  two  electrode  process  on 
the  surface  of  Ni  particles  and  a  charge  transfer  process  on  zirconia 
electrolyte  surface  (Fig.  14b).  In  the  presence  of  H20,  the  adsorp¬ 
tion  of  H20  occurred  preferably  on  the  Ni  surface,  which  forms 
OH-Ni  as  a  reaction  species.  These  schematic  representations 
clearly  suggest  that  reaction  steps  assumed  to  take  place  at  the 
interface  of  metal  anode,  electrolyte,  and  gas  phase  indicating  the 
important  role  of  TPB  in  the  kinetics  of  the  hydrogen  oxidation 
reaction. 
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Table  4 

Summary  of  the  active  anode  thickness  reported  in  the  literature  and  operating 
conditions  adopted  for  the  experiment. 


Source 

Particle  size 

Operating 

Active  thickness 

Methods 

(urn) 

conditions 
temp.  (°C) 

(fim),  conclusions 

[89] 

1000,  wet 
hydrogen 

<20 

Experimental 

[63] 

NiO  -  0.53 

YSZ  -  1.42 

800 

40-50 

Experimental 

[90] 

700 

20 

Experimental 

[71] 

NiO  -  0.6 

YSZ  -  0.2 

800 

20 

Experimental 

[91] 

0.2 

50 

ID  modelling 

0.4 

100 

1.0 

160 

[92] 

1.0 

30-40 

3D  random  resistor 
network 

[93] 

10-15 

Numerical 
simulation  from  3D 
microstructure 
reconstructed  by 
FIB-SEM 

[94] 

800 

10-15 

Modelled  using  3D 

600 

structure 

reconstruction. 

[57] 

5-15  ,  depends  on 

3D  Monte  Carlo 

the  over  potential, 

packing  of 

temperature  and  the 
particle  size 

spherical  particles 

Langmuir  reaction  model  proposed  based  on  the  studies 
related  to  the  dependence  of  dc  polarization  and  interfacial 
conductivity  of  Ni/YSZ  cermet  anode  on  the  partial  pressure  of 
hydrogen  is  shown  in  Fig.  15.  Model  assumes  the  competitive 
adsorption  equilibrium  of  H2,  H20,  and  O  on  Ni  surfaces  at  the  TPB 
and  considers  the  rate-determining  step  to  be  Langmuir-type 
reactions  of  Had  with  Oad. 

Models  pertaining  to  concentration  polarization  in  anode  pro¬ 
pose  that  the  polarization  at  high  current  density  is  dictated  by  two 
localized  phenomena,  namely,  competitive  adsorption  and  slow 
surface  diffusion.  Results  suggest  that  future  SOFC  anode  design 
improvements  should  focus  on  optimization  of  the  reactive  area, 
adsorption,  and  surface  diffusion  at  the  anode/electrolyte  interface. 

In  summary,  experimental  observations  and  models  cumula¬ 
tively  suggest  that  it  is  essential  to  have  many  such  locations 
where  H2  molecules  can  be  adsorbed  and  get  incorporated  into 
YSZ.  Hence,  the  aim  of  microstructural  engineering  should  be  to 
maximize  the  number  of  active  TPB’s  and  the  same  can  be 
achieved  by  increasing  the  thickness  of  the  anode. 

However,  observations  have  shown  that  a  pronounced  decrease 
in  the  resistance  occurs  beyond  a  certain  thickness  of  cermet 
anode  and  resistance  remains  unaltered  on  further  increase  in  the 
thickness  (Fig.  16)  which  suggests  that  active  thickness  of  the 
cermet  is  very  less  and  any  thickness  of  cermet  beyond  this  limit 
acts  only  as  a  current  collector  and  does  not  participate  in  the 
electrochemical  reaction  [88],  The  above  constraint  may  be  due  to 
the  low  ionic  conduction  in  electrolyte  and  the  02~  ions  reaching 
the  anode  get  readily  reduced  at  the  anode-electrolyte  interface  or 
within  the  short  distance  in  anode  without  necessarily  travelling 
deep  inside  the  anode.  It  is  essential  to  determine  the  active  layer 
thickness  for  designing  anodes  with  optimum  characteristics.  The 
values  of  effective  electrode  thickness  reported  in  the  literature 
have  significant  variation.  Table  4  summarizes  the  active  thickness 
of  anode  that  is  reported  in  the  literature  along  with  the  operating 
temperature  of  the  fuel  cell,  method  adopted  to  measure  the  active 
thickness,  etc. 

All  the  experimental  results  suggest  that  active  layer  thickness 
is  within  40  pm.  Slight  difference  in  the  results  for  different 
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Fig.  17.  Power  characteristics  of  anode  supported  fuel  cell  as  a  function  of  active 
layer  thickness  in  bi-layered  anodes  [90], 

electrodes  can  be  attributed  to  the  difference  in  the  microstruc¬ 
ture,  composition  and  the  temperature  at  which  experiments  are 
performed.  Among  the  models,  studies  presented  using  3D  models 
match  better  with  experimental  observation  when  compared  to 
ID  and  2D  models.  Increasing  the  anode  thickness  beyond  a 
certain  limit  to  enhance  the  TPB  is  futile  as  electrochemical 
reactions  are  confined  to  only  few  microns  from  the  electrolyte- 
anode  interface.  An  alternative  strategy  to  enhance  the  TPB  could 
be  to  use  fine  structured  cermet.  However,  it  would  result  in 
increase  of  concentration  polarization  due  to  the  reduction  in  the 
pore  size,  especially  in  anode  supported  configuration,  where 
thickness  of  anode  lies  in  the  range  of  ~l-2  mm.  In  an  attempt 
to  minimize  both  the  concentration  and  activation  polarizations,  a 
two-layered  anode  structure  and  gradient  anode  have  been 
envisaged,  especially  for  the  anode-supported  cells. 


4.  Bi-layer  and  gradient  anodes 

In  recent  times,  it  has  increasingly  been  recognized  that  in  the 
anode  supported  configuration,  though  thicker  anodes  are  gen¬ 
erally  used  (~lmm);  most  of  the  electrochemical  activity  is 
confined  to  a  thin  layer  near  the  electrolyte,  generally  termed  as 
the  anode  functional  layer  (AFL)  (  <  50  pm).  It  means  that  a  large 
portion  of  the  anode  is  not  participating  in  the  electrochemical 
activity.  To  maximize  the  electrochemical  activity,  it  is  essential  to 
achieve  a  fine  microstructure  in  AFL  with  homogeneous  distribu¬ 
tion  of  Ni,  YSZ  and  pores,  i.e„  maximization  of  TPB  density. 
However,  electrochemically  idle  part  of  the  anode  with  similar 
microstructure  will  contribute  to  the  concentration  polarization. 

Based  on  the  above  observation,  to  minimize  concentration  and 
activation  polarizations,  a  dual-layered  anode  structure  for  the 
anode-supported  SOFC  has  been  proposed  [95],  A  dual-layered 
anode  structure  would  consist  of  fine  microstructured  AFL  fabri¬ 
cated  onto  the  coarse  anode  substrate  prior  to  the  fabrication  of  an 
electrolyte  layer  [96],  The  coarse  anode  substrate  facilitates  the 
rapid  diffusion  of  fuel  gas  to  the  active  reaction  area  and  the 
removal  of  resultant  bi-product  out  from  the  anode  to  mitigate  the 
concentration  polarization  of  an  anode.  The  fine  AFL  maximizes 
the  TPB  length  and  minimizes  the  activation  polarization  of 
an  anode. 

In  bi-layered  structures,  factors  such  as  fabrication  method, 
thickness,  composition,  level  of  porosity,  etc.,  of  each  layer  has 
to  be  optimized  independently.  Anode  supported  SOFC  with 
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Fig.  18.  (a)  Illustration  of  a  multilayer  anode  with  gradients  in  composition  and  microstructure  and  (b)  variation  of  physical  properties  of  anode  from  electrolyte/anode 
interface  to  anode  surface  [101], 


Fig.  19.  SEM  image  of  Ni/YSZ  cermet  prepared  by  solution  combustion  method  by  using:  (a)  carbohydrazide  as  fuel  [116]  and  (b)  glycine  as  fuel  [117], 


bi-layered  anode  can  be  easily  fabricated  by  tape  casting  and 
co-firing  [90],  Two  independent  methods  can  also  be  employed  to 
fabricate  substrate  and  functional  layer  separately.  While  simple 
methods  like  pressing  can  be  used  to  fabricate  substrates,  func¬ 
tional  layers  can  be  prepared  by  wet  powder  spraying  [97],  dip 
coating,  slurry  spin  coating  [71],  electroless  technique  [98,99],  etc. 

Due  to  counter  active  effects  of  TPB  and  permeability,  max¬ 
imum  power  can  be  expected  to  be  achieved  for  the  optimized 
thickness  of  active  layer  [63,71],  Functional  layer  thickness  in  the 
range  of  ~  5-40  pm  has  been  reported  to  be  ideal  for  good 
performance.  Further  increase  in  the  AFL  thickness  resulted  in  a 
decreased  performance  (Fig.  17).  Apart  from  having  fine  micro¬ 
structure  and  optimized  thickness,  it  is  advisable  to  restrict  the 
amount  of  Ni  in  the  functional  layer  to  minimum  required  level  to 
have  better  TEC  and  shrinkage  compatibility  between  anode  and 
the  electrolyte  and  resultantly  better  adhesion.  High  power 
density  (2  W/cm2)  achieved  in  the  cells  with  AFL  fabricated  by 
electroless  technique  has  been  attributed  to  the  better  adhesion 
between  anode  and  electrolyte  due  to  the  lower  concentration  of 
Ni  in  the  functional  layer  [98], 

In  an  effort  to  improve  the  overall  performance  of  the  cell 
further,  graded  anodes  were  envisaged,  especially  in  anode  sup¬ 
ported  configuration.  In  graded  anode  structure,  factors  such  as  Ni 
content,  Ni  particle  size,  level  of  porosity,  pore  size  changes 
gradually  from  electrolyte/anode  interface  to  anode  surface  and 
effectively  gradient  in  the  parameters  such  as  conductivity,  TPB, 
gas  diffusion  and  TEC  are  achieved  [100].  A  model  anode  which 


preferentially  fulfills  the  local  requirements  is  schematically 
depicted  in  Fig.  18. 

Like  bi-layered  anodes,  gradient  anodes  can  also  be  fabricated 
by  hot  pressing  lamination  of  tapes  containing  varying  amount  of 
Ni,  pore  formers,  etc.  [93],  Fabrication  techniques  such  as  electro¬ 
phoretic  deposition  [102],  dry  uni-axial  pressing  [103]  have  also 
been  employed  to  fabricate  a  continuously  graded  anode  layer. 
Though  it  is  ideal  to  have  gradation  in  all  the  parameters  men¬ 
tioned  above  to  achieve  good  performance,  reports  of  improved 
power  density  in  the  cells  with  gradation  in  one  or  two  parameters 
can  also  be  seen  in  the  literature  [103,104].  By  varying  the  amount 
and  size  of  the  pore  former  and  adjusting  the  particle  size 
distribution  in  the  NiO/YSZ  ceramic,  samples  with  gradually 
changing  porosity  have  been  fabricated.  It  was  observed  that 
gradient  in  pore  size  was  more  effective  in  improving  anode 
performance  than  the  actual  porosity  [104],  Porosity,  conductivity 
and  TEC  parameters  have  also  been  varied  by  gradually  varying  the 
amount  of  Ni  and  particle  size.  Anode  with  optimum  composition 
led  to  the  good  adherence  of  anode  and  electrolyte  and  conse¬ 
quentially  resulted  in  low  polarization  resistance. 


5.  Synthesis  of  NiO/YSZ 

In  order  to  achieve  high  performance,  long-term  durability,  and 
thermal/redox  cycling  stability,  the  process  adopted  for  NiO/YSZ 
powder  preparation  should  yield  a  homogeneous  mixture  of  NiO 


164 


B.  Shri  Prakash  et  at  /  Renewable  and  Sustainable  Energy  Reviews  36  (2014)  149-179 


and  YSZ  with  appropriate  composition  and  size  ratio.  A  major 
consideration  in  the  synthesis  of  composite  anode  powders  is  the 
effect  of  the  process  on  the  powder  morphology  and  phase 
distribution.  In  recent  times,  the  selection  of  an  appropriate 
method  for  the  synthesis  of  anode  powder  has  gained  significant 
importance,  especially  after  the  advent  of  anode  supported  cell 
design  [105],  The  powder  characteristics  like  agglomerate  size, 
surface  area,  crystallite  size,  distribution  of  NiO  and  YSZ,  etc., 
which  ultimately  affect  the  sintering  characteristics  and  anode 
microstructure,  are  influenced  by  the  methods  adopted  for  the 
synthesis  of  the  powder.  Apart  from  the  conventional  mixing  of 
NiO  and  YSZ  powders,  homogeneous  NiO/YSZ  cermets  have  been 
directly  synthesized  by  many  methods.  In  this  section,  important 
synthesis  methods  that  have  been  used  for  the  preparation  of  NiO/ 
YSZ  anodes  are  discussed. 


milled  powder  and  thus  results  in  enhanced  electrochemical  activity 
with  smaller  polarization  resistance  and  long-term  stability  [108], 
Mechano-fusing  of  the  NiO  and  YSZ  sometime  results  in  a  powder 
consisting  of  fine  NiO  powder  partially  covered  YSZ  fine  particles. 
Such  a  configuration  successfully  prevents  the  growth  of  NiO  powder 
during  the  sintering  process  [109], 

Despite  of  many  favorable  advantages,  the  main  drawback  of 
mechanical  mixing,  however,  has  been  the  non-uniform  distribu¬ 
tion  of  the  Ni  phase  in  cermets,  leading  to  poor  performance.  On 
the  contrary,  different  wet  chemical  processes,  which  allow  for  the 
precursor  mixing  in  molecular  level,  often  result  in  the  homo¬ 
geneous  mixing  in  the  crystallite  level  and  hence  lead  to  the 
superior  performance. 

5.2.  Combustion  synthesis 


5.1.  Mechanical  processing 

Owing  to  the  convenience  and  the  ease  of  commercialization, 
NiO/YSZ  anode  materials  are  usually  prepared  by  mechanical 
mixing  of  NiO  and  YSZ  powders  [106],  If  necessary,  both  NiO  and 
YSZ  are  subjected  to  an  additional  processing  step,  such  as 
coarsening,  prior  to  the  mixing.  Either  planetary  or  attrition 
milling  can  be  used  for  the  synthesis  of  the  composite  [107],  High 
shear  and  compression  force  exerted  during  the  milling  results  in 
the  intimate  mixing  of  fragmented  particles.  Due  to  the  associated 
high  energy,  attrition  milled  powder  would  consist  of  smaller 
particles  with  sharper  size  distribution  when  compared  to  the  ball 


Combustion  synthesis  is  a  versatile  and  simple  method  employed 
for  the  synthesis  of  ultrafine  ceramic  powders  with  a  small  average 
particle  size  and  high  porosity.  It  takes  advantage  of  the  large 
exothermicity  (1500  <  T<  3500  °C)  of  reactions  propagating  in  a 
self-sustained  manner  at  a  relatively  high  speed  (0.1-10  cm  s~’). 
Combustion  method  possesses  some  unique  characteristics  particu¬ 
larly  useful  for  the  synthesis  of  composite  materials  [110-115],  In 
regard  to  NiO/YSZ  cermet  mixture,  high  surface  area  powders  with 
intimately  mixed  NiO  and  YSZ  could  be  prepared  by  combustion 
reaction. 

The  powder  characteristics  like  crystallite  size,  surface  area, 
extent  and  nature  (hard  or  soft)  of  agglomeration  of  the  powder 


Fig.  20.  SEM  images  of  NiO/YSZ  composite  particles  fabricated  at  (a)  200  C,  (b)  300  °C,  (c)  400  C  and  (d)  1000  C  in  the  spray  pyrolysis  process  [126], 
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produced  by  combustion  synthesis  are  primarily  governed  by  the 
enthalpy  or  flame  temperature  generated  during  combustion,  rate 
of  combustion  and  gases  evolved  during  the  reaction,  which 
in  turn  is  dependent  on  the  nature  of  the  fuel  and  oxidizer  to  fuel 
(O/F)  ratio.  Hence  in  combustion  synthesis,  the  fuel  and  O/F  ratio 
need  to  be  carefully  chosen  to  achieve  powders  with  desired 
characteristics.  For  instance,  on  using  carbohydrazide  as  the  fuel  in 
solution  combustion  synthesis,  powders  with  high  surface  area 
(27-32  m2/g)  with  small  agglomerates  (~  0.25-0.8  pm)  consisting 
of  smaller  crystallites  (~5-15  nm)  were  obtained  [116],  Resultant 
Ni/YSZ  cermet  had  a  fine  distribution  of  Ni,  YSZ  and  pores 
(Fig.  19a).  Absence  of  any  Ni  growth  during  the  reduction  could 
be  attributed  to  the  homogeneous  distribution  of  NiO  and  YSZ.  On 
the  other  hand,  while  using  glycine  as  a  fuel,  powders  with 
decreased  surface  area  (15-18  m2/g)  were  obtained  [117],  Result¬ 
ing  Ni/YSZ  consisted  of  3-5  pm  Ni  metal  particles  encapsulated  by 
a  pore  space  and  YSZ  skeleton.  For  the  same  fuel,  crystallinity  of 
the  powder  improves  and  surface  area  decreases  with  increase  in 
the  amount  of  the  fuel  used  [118],  Powders  with  agglomerated 
particles  and  smaller  surface  area  are  produced  when  high 
temperature  is  attained  during  short  combustion  time.  Fine 
powders  with  large  surface  area  are  produced  when  the  combus¬ 
tion  reaction  is  sluggish  and  less  vigorous  [119]. 

Citrate/nitrate  gel  combustion  is  an  appropriate  alternate 
method  to  the  solution  combustion  to  prepare  sub-micron  sized 
NiO/YSZ  powder  [120,121].  In  the  gel  combustion,  initial  citrate/ 
nitrate  molar  ratio  critically  influences  the  prepared  powder 
characteristics.  Dense  NiO/YSZ  has  been  achieved  at  temperatures 
as  low  as  1200  °C  using  soft  agglomerated  gel  combustion  synthe¬ 
sized  powder.  Small  crystallites  were  retained  even  after  sintering 
and  reduction  (Ni  size  ~0.2  pm)  and  high  contiguity  was  achieved 
(Fig.  19b).  Usage  of  such  powders  in  the  fabrication  of  AFL 
component  would  result  in  the  large  number  of  TPB's  and  the 
cells  with  superior  performance.  Agglomerated  powders  with 
coarse  features  produced  during  the  combustion  may  be  ideal 
for  the  fabrication  of  anode  substrate. 

5.3.  Precipitation 

Precipitation  is  a  promising  and  facile  chemical  route  that 
is  often  used  to  prepare  oxide  powders  with  less  agglomeration. 
In  precipitation  process,  it  is  essential  to  find  out  the  exact  pH 
value  at  which  precipitation  occurs  [122].  The  resulting  precipitate 
is  filtered,  washed  and  fired  at  higher  temperature  if  necessary. 
In  the  precipitation  synthesis,  pH  of  the  medium  influences  the 
powder  characteristics  to  a  great  extent.  While  highly  basic 
solutions  have  been  reported  to  result  in  fine  powders  ideal  for 
functional  layer  and  solutions  with  lower  pH  resulted  in  coarse 
powders  suitable  for  anode  substrate  [16j.  The  gel-precipitation 
method  is  an  attractive  alternative  for  the  preparation  of  Ni/YSZ 
cermet.  In  the  gel-precipitation  method,  powder  characteristics 
are  affected  by  precipitating  agents  used  during  the  process  [123], 
For  instance,  on  using  NH3-NaOH  as  the  precipitating  agent, 
powders  with  narrow  particle  size  distribution  and  with  homo¬ 
geneous  dispersion  of  NiO  within  YSZ  were  achieved.  This  trans¬ 
lates  into  an  enhanced  TPB.  The  synthesis  with  NaOH  as  the 
precipitating  agent  yielded  powder  with  uneven  dispersion  of  NiO. 
Though  electrical  conductivity  of  Ni/YSZ  (NaOH)  sample  was 
higher,  TPB  in  these  samples  can  be  expected  to  be  lower. 

5.4.  Spray  pyrolysis 

Spray  pyrolysis  is  an  effective  synthesis  method  that  leads  to 
fine  and  homogenous  anode  composite  powders  [124].  Spray 
pyrolysis  apparatus  consists  of  an  atomizing  chamber  with  an 
ultrasonic  vibrator  for  producing  droplets  of  the  starting  materials 


from  the  solutions  of  corresponding  metal  salts  [125],  Droplets  are 
conducted  to  a  reactor,  with  air  as  the  carrier  gas.  During  the  spray 
pyrolysis,  the  solution  is  atomized  into  a  series  of  reactors  where 
the  aerosol  droplets  undergo  evaporation  and  solute  condensation 
within  the  droplet.  The  drying  and  thermolysis  of  the  precipitate 
particle  at  higher  temperatures  forms  a  microporous  particle. 
Finally,  sintering  of  the  microporous  particle  forms  a  dense 
particle.  Spray  pyrolysis  generally  leads  to  spherical,  non-agglom- 
erated,  submicrometer  particles.  Formation  of  composite  NiO/YSZ 
particles  takes  place  through  the  evaporation,  thermolysis  and 
sintering  stages  [126].  At  first,  an  atomized  droplet  containing  Ni 
ion  and  dispersed  YSZ  sol  goes  through  the  evaporation  stage  at 
temperatures  up  to  200  °C.  Subsequently,  a  filled  particle  with 
both  Ni(CH3COO)2  and  YSZ  fine  grains  is  formed  by  volume 
precipitation.  Next,  during  the  thermolysis  stage  and  at  tempera¬ 
tures  up  to  400  °C,  YSZ  grains  are  almost  organized  on  the  surface 
of  the  particle  by  the  out  gassing  and  oxidation  of  Ni(CH3C00)2, 
and  a  particle  covered  with  YSZ  grains  forms.  Finally,  the  dense 
composite  particle,  which  has  NiO  grains  covered  uniformly  with 
fine  YSZ  grains,  is  successfully  formed  by  NiO  grain  growth  during 
the  sintering  stage  [109,126,127]  (Fig.  20).  Such  a  microstructure  is 
expected  to  increase  the  TPB's  length  and  successfully  prevent  the 
Ni  grain  growth,  resulting  in  a  stable  long-term  SOFC  operation. 


5.5.  Pechini  process 

NiO/YSZ  powders  with  particle  sizes  ranging  from  hundreds  of 
nanometers  to  several  micrometers  can  be  synthesized  by  mod¬ 
ified  Pechini-type  sol-gel  method  [128-130],  Chelating  agents 
used  in  the  process  have  strong  influence  on  the  thermal  decom¬ 
position  of  gels  and  on  the  morphology  of  final  products. 

Homogeneously  dispersed  Ni  in  a  YSZ  ceramic  matrix  have 
been  obtained  by  employing  modified  pechini  method  in  which 
YSZ,  Ni(N03)2  ■  6H20,  ethylene  glycol  and  citric  acid  were  used  as  a 
starting  materials  [131],  YSZ  powder  was  added  to  the  polymeric 
gel  containing  Ni2+  cations  leading  to  an  organic  resin  in  which 
the  YSZ  particles  are  embedded.  By  further  heat  treatment  a 
composite  of  ultrafine  nickel  oxide  dispersed  in  the  YSZ  matrix 
was  attained.  After  sintering  and  reducing  treatment  of  nanocrys¬ 
talline  NiO/YSZ  composite,  the  microstructure  of  the  Ni/YSZ 
cermet  showed  a  uniform  distribution  of  the  porous  metallic  Ni 
particles  of  about  1-2  mm  surrounded  by  a  microporous  space. 

Pechini  process  has  also  been  used  to  synthesize  NiO-coated 
YSZ,  NiO  and  YSZ  co-conjugated  mixture  on  YSZ  powder  [132],  The 
configuration  of  the  powder  on  the  surface  is  porous  (porosity 
>  41%)  consisting  of  primarily  nano-sized  (10-30  nm)  NiO  and  YSZ 
co-conjugated  or  NiO  (~30nm)  on  YSZ  particles  (~300nm) 
(Fig.  21).  Cermets  with  such  a  configuration  had  necessary 
electrical  conductivity,  durability  and  improved  performance.  Core 
YSZ  provided  the  necessary  structural  stability  and  conjugated 
NiO/YSZ  resulted  in  improved  performance. 


5.6.  Electroless  technique 

Electroless  method  of  preparing  cermet  Ni/YSZ  results  in  a 
core-shell  structure  with  YSZ  as  core  and  fine  Ni  particulates  as 
shell.  Preparation  of  Ni/YSZ  powder  by  electroless  technique 
involves  an  initial  sensitization  process  of  the  YSZ  particulates 
followed  by  an  in  situ  reduction  of  Ni2+  to  Ni  and  its  correspond¬ 
ing  deposition  onto  sensitized  YSZ.  The  amounts  of  Ni  required  for 
completely  covering  the  YSZ  surface  will  depend  on  the  YSZ 
particle  size.  Owing  to  the  unique  microstructure,  percolation 
threshold  in  the  anode  prepared  by  electroless  technique  are 
reported  to  be  low  [133-136](Fig.  22). 
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Fig.  21.  (a)  Schematic  diagram  of  the  dual  composite  powder,  (b)  SEM  image  of  the  dual  composite  powder  which  is  composed  of  nano-sized  NiO  and  YSZ  co-conjugated  on 
YSZ  particle,  and  (c)  SEM  image  of  the  commercial  YSZ  core  material  of  the  dual  composite  powder  [132], 


Fig.  22.  (a)  Optical  micrograph  of  polished  Ni-YSZ  surface  (33  vol%  Ni)  prepared  by  electroless  technique  and  (b)  corresponding  Ni-mapping  of  the  selected  area  [133]. 


Table  5 


Commonly  used  components  in  the  tape  casting. 

Solvent 

Binder 

Plasticizer 

Dispersant 

Methyl  ethyl  ketone  (MEK),  Ethanol, 
Butanone,  Toluene,  Water 

Polyethylene  glycol  (PEG),  Poly  vinyl  alcohol 
(PVA),  Polyvinyl  butyral  (PVB) 

Dibutyl  o-phthalate,  Benzyl 
butyl,  Phthalate 

Triethanolamine,  Glycerine  trioleate. 
Glycerol  trioleate,  fish  oil 

6.  Fabrication  of  NiO/YSZ  anode  component 

Fabrication  process  of  the  anode  component  varies  depending 
on  the  geometry  (planar  or  tubular)  and  the  configuration  (anode, 
cathode  or  electrolyte  supported)  of  the  cell.  In  the  anode 
supported  configuration,  thicker  anode  substrates  (in  the  ~mm 
range),  which  serves  both  as  mechanical  support  and  electroche¬ 
mical  active  layer,  need  to  be  fabricated.  Whereas,  in  the  cathode 
and  electrolyte  supported  configuration,  maximum  thickness  of 
the  anode  component  is  ~200  pm.  As  mentioned  in  the  previous 
section,  microstructure  requirement  of  anode  in  these  configura¬ 
tions  is  also  different.  Accordingly,  suitable  fabrication  method 
needs  to  be  adopted  [137], 

6.1.  Anode  supported  cell 

6.1.1.  Anode  substrate 

6.1. 1.1.  Planar  SOFC.  Various  techniques  have  been  explored  and 
investigated  in  the  fabrication  of  porous  anode  support  substrates 
for  the  state-of-the-art  anode-supported  planar  SOFC  based  on 


Ni/YSZ  cermet.  These  techniques  include  die-pressing,  tape¬ 
casting,  gel  casting,  etc. 

6.1. 1. 1.1.  Die  pressing.  The  dry  pressing  process  is  a  simple  and 
cost-effective  method,  and  has  been  widely  used  to  make  parts 
thicker  than  0.5  mm.  Pressing  methods  might  include  cold,  warm, 
hot,  cold-isostatic  (CIP)  or  hot-isostatic  pressing  (HIP).  Compared 
to  tape  casting,  the  main  disadvantage  of  pressing  technique  is  the 
discontinuous  and  time  consuming  overall  operation.  This  method 
is  however  still  used  when  thick  substrates  need  to  be  fabricated 
and  in  the  fabrication  of  the  button  cells  at  laboratory  level 
[63,138].  For  the  fabrication  of  the  substrate  by  pressing,  a  pre¬ 
conditioned  powder  mixture  known  as  “coat-mix  powder”  is  used. 
On  sintering  and  reducing  the  anode  substrates  prepared  by  coat 
mix  powders,  relatively  coarse  pore  channels  with  high  gas 
permeability  are  obtained.  These  coarse  channels  supply  gas  to 
the  pores  generated  by  the  reduction  of  NiO  into  Ni. 

6.1.1.12.  Tape  casting.  Tape  casting  is  a  well  established  indus¬ 
trial  process  to  make  large  and  flat  ceramic  tapes,  plates  and 
laminated  ceramic  structures,  and  thus  is  suitable  for  the  fabrica¬ 
tion  of  porous  anode  substrate  in  anode-supported  planar  SOFC. 
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In  the  tape-casting  process,  NiO/YSZ  slurry  containing  a  dispersing 
agent,  a  polymer  binder,  required  amount  of  pore  formers  and  a 
plasticizer  is  used  to  prepare  thin  flexible  green  tapes  using  a 
doctor  blade.  Dried  substrate,  cut  into  required  geometries,  is  pre¬ 
sintered  to  remove  the  binder  and  the  pores  formers  and  subse¬ 
quently  functional  layer  or  other  components  of  SOFC  are  applied. 
Alternatively,  green  anode  tape  can  be  applied  with  layers  of  the 
other  components  (for  instance,  electrolyte)  and  co-fired.  Typi¬ 
cally,  1-2  mm  thick  tape  casted  anode  layer  and  40-100  pm  thick 
tape  cast  electrolyte  layer  are  produced  and  these  two  tapes  are 
laminated  and  after  rolling  or  calendaring,  the  green  laminates  are 
cut  to  required  size  and  sintered  at  1400  C  [139,140],  For  almost 
all  anode-supported  planar  cells  the  substrate  is  now  mostly 
manufactured  by  tape  casting  [141-143].  Different  components 
that  are  generally  used  in  the  tape  casting  process  are  summarized 
in  Table  5. 

6.3. 3. 1.3.  Gel  casting.  Gelcasting  is  a  process  used  for  the  pre¬ 
paration  of  near-net-shape  bodies  from  concentrated  ceramic 
powder  suspensions  by  setting  them  in  a  mould  containing  a 
pre-mixed  monomer  and  cross-linking  solution  [144-146].  Gel¬ 
casting  is  a  forming  technique  with  many  advantages  such  as  low 
cost,  good  product  homogeneity  and  high  green  strength  [146], 
With  heating  or  addition  of  a  catalyst,  cross-linking  polymeriza¬ 
tion  occurs  to  form  a  three-dimensional  network  structure,  and 
the  slurry  is  solidified  in-situ,  to  form  ceramic  objects  of  the 
desired  shape.  In  this  process,  slurry  with  a  high  solid  loading  is 
obtained  by  dispersing  the  ceramic  powders  in  a  pre-mixed 
monomer  and  cross-linking  solution.  With  heating  or  addition  of 
a  catalyst,  cross-link  polymerization  occurs  to  form  a  three- 
dimensional  network  structure,  and  the  slurry  is  solidified  in-situ, 
to  form  ceramic  objects  of  the  desired  shape.  Recently,  gel  casting 
has  gained  attention  as  a  new  method  in  the  fabrication  of 
electrode-supported  substrates  for  SOFCs  [147].  Organic  mono¬ 
mers  such  as  acrylamide  and  urea-formaldehyde  have  been 
widely  used  for  gel  casting  of  aqueous  ceramic  powder  suspen¬ 
sions.  Polymers  present  in  excess  generally  act  as  template  for 
pore  formation. 


6.11.2.  Tubular  SOFC.  Several  methods,  such  as  slip  casting,  iso¬ 
static  pressing,  gel  casting,  extrusion  [148,149],  are  being  used  to 
fabricate  tubular  substrate  in  anode  supported  SOFC.  Iso-static 
pressing  offers  a  high  and  well-distributed  product-forming 
pressure  but  the  throughput  rate  is  low  and  hence  sometimes 
used  to  fabricate  micro-tubular  cells.  Among  all  these  processes, 
the  extrusion  technique  is  most  suitable  process  for  mass 
production  and  is  widely  used. 

6.1.12.1.  Extrusion.  Extrusion  is  used  in  the  ceramic  industry 
whenever  a  continuous  structure  with  an  elongation  in  one 
direction  is  required.  In  extrusion,  shaping  occurs  by  forcing  a 
cohesive  plastic  material  through  the  orifice  of  a  rigid  die  of  the 
desired  cross  section.  For  extrusion,  the  powders  are  usually  mixed 
with  water-based  plastics.  During  extrusion  process,  water-soluble 
binders  such  as  methylcellulose,  polyacrylamide,  polyvinyl  alcohol, 
etc.,  are  added.  Extrusion  slips  have  extremely  high  viscosities  in 
the  range  of  1000  Pa  s.  After  extrusion,  the  tube  is  cut  into  the 
desired  length  by  wire-cutting.  For  SOFC  fabrication,  anode  sub¬ 
strate  is  usually  de-bindered/prefired  and  subsequently  coated 
with  functional  layers,  electrolyte  and  sintered  at  high  tempera¬ 
ture  (1400  °C)  [150],  Up  to  meter  long  tubular  substrates  with  a 
diameter  of  10  cm  have  been  fabricated  by  the  extrusion  process. 

6.1.12.2.  Slip  casting.  Though  not  as  extensive  as  extrusion 
process,  slip  casting  process  has  been  used  by  many  groups,  at 
least  at  laboratory  level,  for  the  fabrication  of  tubular  anode 
substrates,  especially  micro-tubular.  To  begin  with,  a  plaster  mould 
having  a  tube  shaped  cavity  is  fabricated.  Anode  suspension  is 


then  continuously  poured  into  a  porous  plaster  mould  until  the 
required  anode  layer  thickness  is  reached.  Anode  tube  is  formed 
with  the  absorption  of  liquid  in  the  suspension  by  the  intimate 
contact  mould.  On  drying,  the  green  layer  shrinks  and  separates 
from  the  plaster  wall  and  can  easily  be  removed  from  the  plaster 
mould.  Subsequent  YSZ  electrolyte  membrane  deposition  can  be 
done  on  the  tube  pre  fired  at  higher  temperature.  However,  the 
drawback  of  employing  slip  casting  method  for  tubular  substrate  is 
that  it  might  result  in  varied  compaction  along  the  length 
[151,152], 

6.1.2.  Anode  functional  layers  in  anode  supported  configuration  and 
anode  coating  in  the  cathode/electrolyte  supported  configuration 
Techniques  involved  in  the  fabrication  of  anode  functional 
layers  in  the  anode  supported  configuration  and  for  anode  coat¬ 
ings  for  cathode/electrolyte  supported  cells  are  generally  the  same, 
though  microstructural  and  compositional  requirements  of  these 
coatings  are  slightly  different.  Desired  microstructures  in  each  case 
are  achieved  by  choosing  the  starting  powder  with  appropriate 
composition,  particle  size,  organic  content  and  the  amount  of  the 
pore  formers. 

6.12.1.  Screen  printing.  Screen  printing  paste  generally  consists  of 
ceramic  powder,  a  binder  (e.g.  ethyl  cellulose  or  methyl  cellulose) 
and  a  solvent  (e.g.  terpineol).  Typical  powder  loading  is  in  the 
range  of  60%.  Viscosities  of  the  paste  are  generally  in  the  range  of 
few  Pa  s  and  the  rheological  behaviour  of  the  slip  possesses  special 
time  dependence  [153,154],  The  paste  is  pressed  through  a  screen 
by  a  squeegee.  On  being  pressed  through  the  mesh,  the  paste  must 
flow,  and  after  removing  the  screen  from  the  substrate  to  be 
coated,  the  paste  must  fill  the  remaining  channels  formed  by  the 
chaining  and  weft  thread  of  the  screen.  After  filling  the  cavities, 
the  paste  must  stop  flowing  to  ensure  the  dimensional  accuracy  of 
the  layer.  After  sintering,  screen-printed  layers  have  thicknesses 
ranging  from  5  to  100  pm. 

6.1.22.  Wet  powder  spraying.  In  wet  powder  spraying  (WPS),  a 
stable  suspension  of  NiO/YSZ  is  sprayed  on  to  the  NiO/YSZ 
substrate,  dried  and  subsequently  fired  at  1400  °C.  The  slurry 
is  placed  into  an  air-spray  gun  with  a  continual  supply  of 
compressed  air  to  aid  in  the  mixing  of  the  cermet  while 
spraying.  Depending  on  the  spraying  equipment,  viscosity  of  the 
spraying  mixture  needs  to  be  fixed  in  the  range  suitable  for 
spraying.  Stable  and  homogeneous  suspension  of  the  powder 
is  generally  obtained  by  high  energy  milling  assisted  by 
ultrasonication  of  the  powder  in  a  suitable  solvent  along  with 
appropriate  dispersant,  binders  and  additives.  Suspension  is 
considered  to  be  stable  if  no  powder  settlement  is  observed 
even  hours  after  milling.  Contrary  to  screen  printing,  WPS  can  be 
employed  to  spray  on  non-uniform  or  non-planar  geometries.  The 
quality  of  the  spray  stream,  which  decides  uniformity, 
homogeneity  and  thickness  of  the  coating,  depends  on  the 
suspension  rheology,  spray  velocity,  the  distance  and  angle 
between  the  air-brush  nozzle  and  the  substrate,  and  the  number 
of  passes.  Ethylene  glycol  or  ethanol  is  generally  used  as  a  solvent. 
Binders  used  are  generally  ethyl  cellulose  or  polyvinyl  butyral. 
WPS  is  specially  suited  for  tubular  geometry  [155,156], 

6.12.3.  Dip  coating.  In  dip-coating  process,  the  substrate  to  be 
deposited  is  dipped  into  a  liquid  solution  containing  the  powder 
and  withdrawn  from  the  solution  at  a  controlled  speed.  The 
thickness  of  the  coating  is  primarily  affected  by  fluid  viscosity, 
fluid  density,  and  surface  tension  and  the  withdrawal  speed. 
Thickness  of  the  layer  can  be  increased  by  repeating  the  dip 
coating  by  curing  the  previous  layer.  Coating  may  be  cured  by 
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variety  of  means  including  conventional  thermal,  UV,  or  IR 
techniques  depending  on  the  coating  solution  formulation.  Once 
the  desired  thickness  is  achieved,  the  coating  can  be  dried  and 
fired  at  desired  temperature.  In  addition  to  being  a  simple 
fabrication  process,  dip  coating  process  can  be  applied  to  both 
planar  and  tubular  geometry.  The  major  parameters  during  dip¬ 
coating  are  the  suspension  viscosity  the  time  of  coating,  the 
powder  loading  of  the  suspension,  the  coating  temperature  and 
the  speed  with  which  the  part  is  moved  through  the  suspension. 
Normally,  it  is  easier  to  coat  porous  substrates  (such  as  SOFC 
anode)  because  of  the  capillary  forces  which  support  the  adhesion 
of  the  coating  than  to  coat  dense  structures.  Suspension  for  dip 
coating  of  NiO/YSZ  contains  the  following  constituents:  NiO/YSZ 
powder,  organic  vehicle,  and  a  solvent.  Constituents  of  organic 
vehicles  are  generally  plasticizer,  dispersant  and  binder  [96,157], 
Generally  used  chemicals  for  each  constituent  are  given  below. 

Solvent:  Ethanol,  azeotropic  mixture  of  butanone  and  ethyl 
alcohol,  azeotropic  mixture  of  toluene  and  ethanol,  isopropa¬ 
nol,  azeotropic  mixture  of  toluene  and  ethanol 
Plasticizer:  Terpinol,  polyethylene  glycol,  phthalates 
Dispersant:  Triethanolamine,  fish  oil 
Binder:  Ethylcellulose,  polyvinyl  butyral 

Ball  milling  followed  by  ultrasonic  assistance  is  generally 
applied  to  obtain  a  stable  suspension.  Viscosity  in  the  range  of 
5  mPa  s  is  generally  used  for  dip  coating. 

6.I.2.4.  Plasma  spraying.  Plasma  spray  (PS)  processing  is  a  promising 
method  for  the  deposition  of  the  anode  coatings  because  of  its  high 
deposition  rate,  cost  effectiveness,  and  flexibility  for  automatic 
production  [158-160].  In  metal  supported  SOFC,  PS  is  used  to 
deposit  anode  functional  layer  on  the  top  of  the  metallic  anode. 

Table  6 

Typical  ceramic  coating  technologies  used  in  the  fabrication  of  anode  functional 
layers  in  anode  supported  configuration  and  anode  coating  in  the  cathode/ 
electrolyte  supported  configuration. 


Technique 

Film  thickness  (after  sintering) 

Industrialization 

status 

Screen  printing 

5-100  pm 

Established 

Wet  powder  spraying 

yi 

o 

o 

1 

Established 

Dip-,  spin  coating 

2-10  pm  for  powder-based  and 

10  nm-2  pm  for  sol-gel-based 

Lab  scale 

Atmospheric  plasma 
spraying 

50-500  pm 

Under 

development 

In  plasma  spraying,  coatings  are  fabricated  by  injecting  the  stock 
powders  into  energetic  plasma  flow.  Coatings  are  developed  by  the 
successive  stacking  of  thin  lamellae  formed  by  the  impact  of  molten 
or  softened  droplets  on  a  substrate  followed  by  flattening,  rapid 
cooling  and  solidification  processes.  Typically  a  powder  with  an 
agglomerate  size  in  the  range  of  some  tens  of  micrometers  ( ~  50  pm) 
is  used.  In  addition  to  the  spray  operating  conditions  and  the  mode  of 
feedstock  injection  into  the  energetic  plasma  flow,  structure  and 
properties  of  plasma  sprayed  coatings  are  known  to  be  critically 
dependent  on  the  feed  stock  powders  characteristics.  The  most 
commonly  used  powder  processing  methods  for  the  production  of 
stock  powders  is  spray  diying  (SD).  Normally,  thickness  of  plasma 
sprayed  coating  is  generally  between  ~40  and  300  pm.  Porosity  in 
the  plasma  sprayed  coating  can  be  generated  either  by  optimizing 
the  spraying  conditions  or  by  including  the  pore  former  such  as 
graphite  in  the  stock  powder.  NiO/YSZ  powders  ball  milled  along 
with  the  graphite  powders  are  agglomerated  by  the  processes  such 
as  spray  diying  or  coat  mix  to  produce  plasma  sprayable  powders. 
Instead  of  using  graphite  powders  independently,  graphite  coated 
nickel  can  be  used  to  produce  fine  porosity  in  the  plasma  sprayed 
coatings  [161-164], 

Table  6  summarizes  the  ceramic  coating  technologies,  typical 
layer  thicknesses  and  their  industrialization  status. 

7.  Degradation  in  Ni/YSZ 

Structural  and  long-term  performance  stability  of  Ni/YSZ  cermet 
is  a  critical  issue  in  the  development  of  SOFC  anode.  Degradation 
problems  in  long  term  operation  of  SOFCs  are  characterized  by  a 
gradual  decrease  in  performance  of  the  fuel  cell  systems,  measured 
by  the  percentage  of  increased  over  potential  or  decreased  cell 
potential,  over  a  certain  period  of  operation.  On  using  H2  as  a  fuel, 
degradation  in  Ni/YSZ  might  occur  through  phenomenon  such  as 
redox  cycling  and  nickel  coarsening.  Degradation  in  anode  could  be 
in  its  electrochemical,  electrical  and  mechanical  properties  or  a 
combination  of  them.  Apart  from  the  above  mentioned  phenom¬ 
enon,  while  using  hydrocarbon  as  the  fuel,  Ni/YSZ  anodes  undergo 
degradation  through  carburization  and  sulfidation  also.  Phenomenon 
of  carburization  and  sulfidation  are  discussed  in  the  next  section. 

7.2.  Redox  instability 

Redox  instability  refers  to  the  chemo-mechanical  instability  of 
the  SOFC  anode  under  oxygen  partial  pressure  variation  of  more 
than  20  orders  of  magnitude  during  reduction  and  oxidation 
(redox  cycle).  On  a  long  term  operation,  SOFCs  are  expected  to 


Fig.  23.  Microstructural  changes  during  a  redox  process  in  cermet  anodes  [166].  (a)  As-sintered  state,  (b)  Short-term  reduced  state,  (c)  Long-term  reduced  state  and 
(d)  First  re-oxidized  state. 
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Fig.  24.  NiO  (0.5  nm)/YSZ  (0.2  nm)  anode  sample  (58.7  wt%  NiO)  sintered  at  (a)  1200  C  and  (b)  1400  C  (oxidized).  Left:  before  redox  cycle,  right:  after  passing  through 
4  redox  cycles  [175], 


Fig.  25.  Microstructure  of  anode  cermet  after  reduction  (a)  and  after  an  exposure  for  4000  h  in  Ar/4%  H2/3%  H20  at  1000  C  (b)  [205], 


go  through  several  such  redox  cycles.  On  uninterrupted  supply  of 
fuel,  Ni  would  continue  to  remain  in  metallic  form  and  anode 
would  be  maintained  in  a  reduced  state.  However,  if  the  fuel 
supply  gets  interrupted  due  to  some  reasons,  oxygen  will  continue 
to  pass  through  the  electrolyte,  or  through  the  imperfect  seals,  and 
oxidize  Ni  to  NiO.  Oxidation  of  the  anode  can  also  occur  if  H20 
content  in  fuel  and  fuel  utilization  are  high.  Based  on  their  molar 
volumes,  the  oxidation  of  Ni  to  NiO  is  accompanied  by  an  increase 
of  solid  volume  by  69.9%.  Subsequent  restoration  of  the  fuel  will 
convert  NiO  back  to  Ni,  but  the  original  state  of  anode  is  not 
generally  recovered.  The  volume  changes  thus  developed  during 
successive  redox  cycles  is  detrimental  for  the  anode  unity  and  cell 
integrity.  This  expansion  has  three  origins:  (1)  the  reorganization 
of  the  metallic  nickel  during  operation,  (2)  the  fast  oxidation 
kinetics  of  the  nickel  at  the  operating  temperature  and  (3)  forma¬ 
tion  of  intra  particles  pores  in  NiO  during  the  oxidation  process. 
Redox  strain  thus  developed  are  reported  to  be  sensitive  to 
many  factors  like  Ni  content,  ratio  of  NiO  and  YSZ  particle  sizes, 
porosity,  sintering  temperature,  oxidation  temperature,  and  oxidation 


environment.  Expectedly,  when  compared  to  electrolyte  supported 
cells,  redox  cycle  degradation  effects  are  more  severe  in  anode 
supported  SOFC  due  to  the  larger  dimensions  of  anode. 

General  observations  with  regard  to  the  redox  cycling  are 
provided  in  the  beginning  of  this  section.  Its  influence  on  the 
microstructure,  electrical,  electrochemical  and  mechanical  proper¬ 
ties  are  provided  in  the  subsequent  section  in  detail.  Approaches 
adopted  to  minimize  the  redox  instability  are  provided  at  the  end 
of  the  section. 


7.3.3.  General  observations  on  redox  cycle 

Single  redox  cycle  experiments  on  NiO/YSZ  anodes  (56  wt% 
NiO,  44  wt%  of  YSZ)  at  1000  °C  have  shown  a  significant  volume 
increase  (3-9%)  on  re-oxidation  [165],  It  was  suggested  that 
simultaneous  to  the  reduction,  coalescing  and  sintering  of  Ni  takes 
place,  leading  to  a  network  of  coarser  particles  in  anode,  which 
otherwise  had  a  very  fine  distribution  of  NiO  in  YSZ.  In  such  cases, 
local  volume  changes  upon  re-oxidation  would  be  too  great  to  be 
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Fig.  26.  SEM  images  of  Ni/YSZ  (a)  as-prepared,  and  after  carbon  deposition  in  humidified  methane  for  4  h  at  (b)  773  K,  (c)  873  K,  surface,  (d)  873  K,  (e)  973  K,  and  (f)  1073  K 

[233], 


accommodated  in  the  local  porosity  which  results  in  a  mechanical 
degradation.  Mechanisms  underlying  the  anode  expansion  during 
a  redox  process  through  reorganization  of  metallic  Ni  are  often 
schematically  depicted  as  shown  Fig.  23  [166,167].  Higher  expan¬ 
sion  for  a  sample  reduced  at  1100  °C  compared  to  a  sample 
reduced  at  800  °C  [168]  reinforces  the  model  depicted  for  redox 
process  [165,167], 

Increase  in  oxidation  temperature  results  in  the  increased 
oxidation  rate  and  macroscopic  strain  leading  to  spontaneous 
mechanical  failure  at  higher  temperatures  [167-169],  The  differ¬ 
ence  in  expansion  reported  in  different  articles  under  similar 
experimental  conditions  could  be  related  to  the  difference  in 
microstructure  [170,171],  Nearly  linear  behaviour  between  the 
oxidation  strain  and  the  degree  of  oxidation  has  been  reported 
[172],  Redox  safe  temperature  zone  for  re-oxidation  has  been 
reported  to  be  as  low  as  550  °C. 

Oxidation  rate  was  also  found  to  be  strongly  dependent  on  the 
vapour  pressure  of  water  in  the  input  gas.  At  850  °C,  expansion 
increased  from  0.68%  to  0.96%  on  adding  6%  H20  to  the  dry  air 
[168], 

Extensive  redox  studies  on  the  effect  of  the  substrate  composi¬ 
tion  suggested  that  even  if  high  NiO  amount  gives  rise  to  high 
oxidation  strain,  amount  of  irreversible  strain  is  negligible.  On  the 


other  hand,  high  YSZ  ratios  showed  very  high  values  of  irreversible 
strain.  Optimization  of  composition  and  microstructure  is  essential 
in  order  to  minimize  redox  strain  and  mechanical  degradation 

[173,174], 

It  was  found  that  samples  with  smaller  sized  initial  NiO 
particles  and  the  ones  sintered  below  1300  °C  exhibited  better 
redox  dimensional  stability.  Figs.  24-26.  shows  the  microstructural 
effects  of  4  redox  cycles  on  samples  sintered  at  1200  and  1400  DC. 
The  cracks  developed  in  the  latter  samples  were  attributed  to  the 
presence  of  less  porosity  and  its  inability  to  accommodate  the 
volume  change  on  oxidation  [175],  Due  to  same  porosity  factor, 
samples  with  fine  microstructure  (like  functional  layer)  cracked 
after  re-oxidation  while  the  anodes  with  coarse  microstructure 
(anode  substrate)  remained  nearly  unchanged  [171  ].  Redox  cycling 
alters  the  microstructure  of  the  anode  and  thereby  degrades  the 
performance  of  the  anode  through  its  effect  on  the  electrical, 
electrochemical  and  mechanical  properties.  Sub-sections  below 
describe  each  aspect  of  these  in  detail. 


7.3. 3. 3.  Microstructural  modifications  and  stress  development.  It  has 
been  shown  that  redox  cycle  leads  to  sponge  like  NiO  structure 
with  entrapped  pores.  Re-oxidised  NiO  thus  occupies  more 
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volume  than  original  oxidized  state  causing  microcracks  in  the  YSZ 
skeleton.  Re-reduction  of  such  a  NiO/YSZ  leads  to  coarse  Ni 
particles.  FIB-SEM  studies  have  been  carried  out  on  pure  Ni  to 
understand  the  evolution  of  sponge  like  structures  with  trapped 
pores  during  oxidation.  FIB-SEM  studies  on  the  Ni/YSZ  composites 
re-oxidized  at  different  temperature  have  revealed  the  presence  of 
bigger  pores  in  the  samples  re-oxidized  at  elevated  temperatures 
and  small  well  dispersed  pores  in  the  samples  re-oxidized  at  lower 
temperatures.  Due  to  the  expansion  of  NiO  during  redox  cycle, 
anode  component  of  the  cell  expands,  whereas  electrolyte  and 
cathode  layers  cannot  keep  up  with  this  expansion,  due  to  which 
tensile  stresses  arise  in  the  cell.  If  the  tensile  residual  stresses  in 
the  electrolyte  exceed  its  tensile  strength,  cracks  develop  in  the 
electrolyte  resulting  in  catastrophic  failure  of  the  cell.  The  major 
factors  affecting  re-oxidation  stability  appear  to  be:  (a)  the  degree 
of  re-oxidation,  (b)  the  homogeneity  of  re-oxidation,  and  (c)  the 
temperature  at  which  re-oxidation  occurs  [170,172,176-181]. 

7.1.12.  Effect  on  the  electrical  conductivity.  Redox  cycle  has  a  strong 
influence  on  the  electrical  conductivity  of  the  Ni/YSZ  cermet 
through  the  phenomenon  of  coalescence  and  breaking  of  Ni-Ni 
bond,  leading  to  significant  increase  in  the  electrode  ohmic 
resistance.  Though  in  few  cases  increase  in  conductivity  was 
observed  after  a  first  redox  cycle,  the  conductivity  degraded  at 
faster  rate  after  multiple  redox  cycles.  Increase  in  Ni  contact  after  a 
redox  cycle  due  to  breaking  of  the  YSZ  skeleton  and  the  creation  of 
porosity  during  the  subsequent  redox  cycle  is  believed  to  be  the 
reason  for  such  behaviour.  Overall,  substantial  conductivity 
reduction  was  observed  and  in  some  cases  conductivity  values 
decreased  by  more  than  50%  [27,181-183]. 

7.1.13.  Effect  on  electrochemical  performance.  Apart  from  conducti¬ 
vity  reduction,  redox  cycling  affects  the  performance  of  the  cell 
through  its  influence  on  OCV  and  activation  polarization  resistance 
of  the  anode.  Reduction  in  the  OCV  is  due  to  the  weakening  of  the 
anode-electrolyte  interfaces  and  resultant  gas  leakage.  A  decrease 
of  OCV  from  0.85  to  0.4  V  was  observed  in  the  anode  supported 
half  cell  on  redox  cycle  due  to  the  cracking  of  the  electrolyte  [165], 
Single  Redox  tests  on  sulzer  cells  resulted  in  the  decrease  of  OCV 
from  990  to  800  mV  as  a  result  of  leakage.  They  also  observed  a 
rapid  drop  in  OCV  at  800  DC  for  the  cells  fabricated  by  die  cold 
pressing  of  the  substrate  and  spray  pyrolysis  of  the  electrolyte 
[182,184],  Waldbillig  et  al.  [171,177]  observed  that  the  loss  in 
performance  increased  with  the  extent  of  oxidation  and  the 
number  of  redox  cycles  and  performance  degradation  was 
attributed  to  the  tensile  cracking  of  the  electrolyte. 

In  few  cases,  decrease  in  the  polarization  resistance  was 
observed  after  a  redox  cycle,  which  has  been  attributed  to  the 
evolution  of  finer  microstructure  [185],  However,  reports  of 
decreased  electrochemical  performance  far  exceed  the  reports  of 
improved  performance  [170,186-188],  Electrochemical  impedance 
studies  on  the  redox  cycled  anode  showed  a  decrease  in  the 
frequency  of  the  peak  corresponding  to  charge  transfer  resistance, 
suggesting  an  increase  in  the  polarization  resistance  due  to 
decrease  in  the  TPB  sites  [188],  Impedance  studies  have  even 
suggested  that  apart  from  increase  in  the  polarization  resistance 
due  to  decrease  in  TPB,  decrease  in  the  performance  could  also  be 
due  to  the  increase  in  the  gas  diffusion  impedance  after  redox 
cycling  [187],  A  correlative  investigation  based  on  the  FIB-SEM 
and  polarization  studies  showed  that  anode  polarization  loss 
increased  from  0.06  to  0.09  £2  cm2  due  to  decrease  in  TPB  length 
from  2.49  to  2.11  pm~2  after  4  redox  cycles  [189,190], 

7. 1.1. 4.  Effect  on  mechanical  properties.  Effects  of  redox  cycling 
on  the  mechanical  properties  of  NiO/YSZ  anode  are  through  its 


effect  on  the  level  of  bonding  between  Ni-Ni  and  Ni-YSZ  and 
porosity  [191-193],  For  instance,  improvement  in  the  bending 
strength  of  the  specimens  oxidized  in  air  below  650  °C  has  been 
attributed  to  the  porosity  reduction.  A  decrease  of  Young's 
modulus  by  5  GPa  on  single  redox  cycle  was  attributed  to  an 
increase  of  porosity  from  26.4%  to  27.6%  [172,191],  Correlation 
established  between  redox  strain  and  Young's  modulus  suggests 
that  redox  cycles  linearly  degrade  the  elastic  properties  with 
elastic  strain  leading  to  the  subsequent  failure  [192],  Strength 
evolution  studies  of  fine  microstructured  tubular  anode  with 
redox  cycles  resulted  in  a  decrease  of  the  strength  on  redox 
cycling  after  an  initial  increase.  For  coarse  microstructured  anodes 
strength  decreased  continuously  with  redox  cycling.  Similar  results 
were  observed  even  for  planar  anodes  [172,191], 

7.1.2.  Improving  the  redox  instability 

This  section  explains  the  means  of  improving  the  redox 
stability  of  the  Ni/YSZ  anode  via  the  microstructural  and  composi¬ 
tional  modifications. 

7.12.1.  Microstructural  modification.  Study  pertaining  to  the  effect 
of  particle  size  on  the  anode  expansion  suggested  that  the  NiO 
particle  size  and  the  ratio  between  NiO  and  YSZ  particle  sizes  are 
the  main  deciding  factors  influencing  the  anode  expansion.  The 
NiO/YSZ  expansion  varied  with  particle  size  ratio  as  follows:  The 
lower  expansion  is  for  0.5  pm/0.2  pm  followed  by  0.5  pm/0.8  pm 
and  by  1.4  pm/0.2  pm  [170],  It  was  showed  that  YSZ  with  bimodal 
distribution  (fine  and  course)  led  to  a  more  stable  anode  [23],  On 
varying  the  proportion  of  fine  to  coarse  YSZ  particle  it  was  noticed 
that  expansion  is  higher  in  the  case  of  anodes  with  higher  content 
of  fine  YSZ  [194],  Observed  expansion  was  respectively  2.5%  and 
0.23%  for  fine  and  coarse  microstructure  during  a  redox  cycle  at 
750  °C  [171]. 

7.1.22.  Sintering  temperature.  Anodes  sintered  at  lower  tempera¬ 
ture  exhibited  lower  expansion  and  better  stability.  However,  this 
approach  cannot  be  adopted  for  anodes  supported  SOFC,  as  it 
would  lead  to  poorly  sintered  electrolyte  [170,194], 

7.12.3.  Porosity.  Increased  porosity  would  be  useful  in  accommo¬ 
dating  the  expansion  during  redox  cycles  [185],  It  was  concluded 
that  porosity  higher  than  45%  in  the  as-sintered  state  should  give 
redox  stable  supports  with  an  expansion  limit  lower  than  0.2% 
[195],  Robert  et  al.  proposed  that  microstructure  containing  macro 
and  micro-pores  is  optimum  to  limit  the  expansion  during  redox 
cycles  [196], 

7.12.4.  Composition.  Anode  instability  decreased  with  decrease  in 
the  NiO  content  in  the  anode.  However,  NiO  content  cannot  be 
decreased  below  the  percolation  threshold  as  it  would  lead  to  the 
increased  ohmic  and  activation  polarization.  Thus  attempts  should 
be  focused  to  decrease  the  percolation  threshold.  Strategies  for  the 
same  can  be:  (1)  using  smaller  metal  particles  with  larger  aspect 
ratio,  (2)  usage  of  Ni  coated  pore  former  instead  of  independent 
usage  the  pore  former,  (3)  use  of  Ni  foam  impregnated  with  a 
mixture  of  Ni,  YSZ  and  pore  former  [18,20,197,198]  and  (4) 
adopting  wet  impregnation  method  [199], 

7.12.5.  Graded  anode.  Waldbillig  et  al.  [200]  improved  the  redox 
stability  by  using  an  AFL  with  a  graded  Ni  content  and  porosity. 
The  redox  sensitivity  of  the  cell  after  a  full  cycle  for  the  graded  AFL 
was  only  half  that  of  the  standard  one. 
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7.2.  Nickel  coarsening 

The  predominant  microstructural  change  in  the  porous  anode 
cermet  on  operating  the  SOFC  at  high  temperature  is  the  Ni 
particle  coarsening  and  densification.  Since  Ni  particles  produced 
during  the  reduction  of  NiO/YSZ  are  high  surface  area  solids,  there 
will  always  be  a  thermodynamical  driving  force  to  decrease  the 
free  energy  through  coalescence  [45,201,202].  Low  melting  point 
of  Ni  is  another  reason  for  their  high  tendency  to  sinter  at  SOFC 
operation  temperatures.  Non-wettability  between  metallic  Ni  and 
ceramic  YSZ  (even  molten  Ni  shows  no  wettability  towards  YSZ 
ceramic  phase  (0=  117  °))  further  facilitates  the  coarsening  of  Ni 
[203,204], 

Experimentally,  Ni  coarsening  studies  have  been  conducted 
through  analysis  of  the  images  obtained  through  optical  micro¬ 
scope  [205],  SEM  [45,202,206]  and  very  recently  through  FIB-SEM 
[207],  Theoretical  studies  on  Ni  coarsening  have  been  based  on  the 
percolation  model  with  Monte  Carlo  simulation,  effective  medium 
theory  and  phase-field  approach  [52],  There  are  also  the  reports  of 
the  extraction  of  the  nickel  diffusion  values  from  nickel  coarsen¬ 
ing.  Through  the  combination  of  experimental  and  modelling 
results,  it  has  been  shown  that  anode  degradation  through 
coarsening  contributes  substantially  to  the  total  degradation  of 
cell  or  the  stack. 

Ni  coarsening  is  believed  to  occur  through  the  phenomenon  of 
Ostwald  ripening  with  possible  underlying  mechanism  of  trans¬ 
port  of  volatile  nickel  species  via  the  gas  phase  or  vacancy 
diffusion  [208],  Ni  coarsening  by  mechanism  of  vacancy  diffusion 
has  been  explained  by  two  particle  models,  in  which,  the  driving 
force  for  Ni  grain  growth  has  been  attributed  to  curvature 
difference  between  neighboring  particles  [10],  Experimental  tech¬ 
niques  like  X-ray  nanotomography  along  with  differential  absorp¬ 
tion  have  been  used  to  prove  above  mechanisms  [209].  Ni  particle 
size  evolution  with  time  has  been  analyzed  with  ‘charging  capa¬ 
citor  model’  with  growth  curves  asymptotically  approaching 
maximum  nickel  grain  size. 

Phenomenon  of  Ni  growth  is  strongly  influenced  by  composition, 
microstructure  and  experimental  conditions  [210].  As  can  be 
expected,  agglomeration  increases  with  increase  in  the  Ni  content 
of  the  cermet  [205],  With  regard  to  the  microstructure,  coarse 
grained  microstructure  exhibit  relatively  stable  structure,  whereas 
fine  grained  anode  show  much  higher  growth  [211  ].  Effectively,  small 
average  grain  sizes,  wide  distribution  of  particle  size  and  high 
contents  of  Ni  lead  to  higher  coarsening  and  degradation  rates  [212], 

Among  experimental  conditions,  reduction  temperature  has  a 
strong  influence  on  the  coarsening  with  level  of  agglomeration 
increasing  with  increase  in  the  reduction  temperature  [213],  Ni 
particle  size  increased  on  thermal  cycling  of  the  anode  [45], 
Presence  of  water  in  the  gas  phase  is  reported  to  accelerate  the 
kinetics  of  growth  significantly.  Experimentally  and  through 
density  functional  theory  (DFT)  calculations,  Sehested  et  al. 
[214,215]  have  shown  that  humidity  boosts  Ni  growth  through 
increased  surface  diffusivity  of  the  Ni2-OH  complex.  Simwonis 
et  al.  [205]  observed  that  nickel  coarsening  is  relatively  slow 
during  the  entire  experimental  period  of  4000  h  (at  1000  °C,  3% 
H20)  with  a  clear  tendency  of  decreasing  growth  rates  with 
increasing  time.  In  contrast,  Jiang  [202]  observed  higher  growth 
rates  during  the  early  periods  of  operation  (200-800  h)  and 
decreasing  rates  at  longer  times.  Holzer  et  al.  [212]  reported  that 
in  humid  atmosphere  (60  vol%  H20,  40%  N2/H2)  the  growth  rates 
of  nickel  are  very  high  (up  to  140%/100  h)  during  the  initial  period 
(  <  100  h).  At  longer  exposure  time  (  >  1000  h)  the  growth  rates 
decrease  significantly  to  nearly  0%/100  h.  In  contrast,  under  dry 
conditions  (97  vol%  N2,  3  vol%  H2)  the  growth  rates  during  the 
initial  period  are  much  lower  (1%/100  h)  but  did  not  decrease  over 
a  period  of  2000  h. 


Table  7 

Volume  fraction,  percolation  connectivity,  surface  area  of  three  phases,  inter¬ 
phases  contacting  surface  area  and  TPB  density  for  the  Ni/YSZ  anode  after  different 
discharge  time  [216]. 


Parameter 

Phase 

After 

reduction 

100  h 
discharge 

250  h 
discharge 

Volume  fraction  (%) 

Ni 

22.23 

23.95 

20.75 

YSZ 

35.41 

33.55 

33.31 

Pore 

42.36 

42.5 

45.94 

Volume  fraction  (%) 

Ni 

87.75 

79.5 

52.41 

YSZ 

99.08 

98.34 

98.75 

Pore 

99.72 

99.82 

99.82 

Unknown-status  phase 
fraction  (%) 

Ni 

6.75 

15.72 

34.37 

Isolated  phase  fraction  (%) 

Ni 

5.5 

4.78 

13.22 

Specific  surface  area 

Ni 

0.52 

0.44 

0.42 

(lim2/Mm3) 

YSZ 

1.01 

0.96 

0.96 

Pore 

0.95 

0.89 

0.92 

Specific  inter-phases  surface 

Ni-YSZ 

0.29 

0.25 

0.23 

area  (pm2/pm3) 

Ni-Pore 

0.23 

0.18 

0.19 

YSZ-Pore 

0.73 

0.71 

0.72 

TPB  density  (pm/nm3) 

Total 

1.29 

1.02 

0.98 

Ni  agglomeration  degrades  the  performance  of  anode  through 
its  influence  on  ohmic  and  the  activation  polarizations.  Due  to 
Ni  coarsening,  electrical  conductivity  of  the  anode  substrates 
decreases  substantially  through  the  interruption  of  Ni-Ni  connec¬ 
tivity  [205],  Simwonis  et  al.  [205]  have  correlated  Ni  agglomera¬ 
tion,  microstructural  modification  and  electrical  conductivity  of 
Ni/YSZ  anode.  In  their  study,  a  large  decrease  in  electrical  con¬ 
ductivity  was  observed  in  4000  h  exposure  in  humidified  hydro¬ 
gen.  Decrease  was  substantial  during  initial  hours  of  exposure 
with  gradual  saturation.  In  another  conductivity  Vs  Ni  coalescence 
study,  increase  in  the  ohmic  resistance  from  0.75  to  0.98  £2,  of 
which,  increase  from  0.75  to  0.97  Q.  was  observed  in  initial  100  h, 
while  in  the  last  150  h  increase  was  only  0.01  £2. 

While  stable  conductivity  was  observed  in  the  cermets  reduced 
at  lower  temperatures  (~600  °C),  conductivity  reduction  increased 
with  increase  in  reducing  temperature  and  at  1000  C  it  was  more 
than  50%.  Presence  of  water  further  amplified  the  conductivity 
reduction  [213],  Thermal  cycling  of  Ni/YSZ  anode  also  resulted  in 
decreased  conductivity  [45],  Thus,  influence  of  experimental  con¬ 
ditions  on  the  conductivity  variations  were  in  concordance  with  its 
effect  on  the  kinetics  of  Ni  growth. 

Apart  from  the  Ni  connectivity,  Ni  coarsening  also  decreases 
Ni/YSZ  and  Ni-pore  inter  phase  area  and  effectively  active  TPB 
length,  leading  to  activation  polarization  losses.  Nearly  unchanged 
surface  area  of  YSZ  with  time  and  thermal  cycle  indicates  that 
inter-phase  area  reduction  originates  mainly  due  to  Ni  coarsening. 
In  recent  times,  quantitative  correlation  between  Ni  coarsening, 
inter-phase  area  reductions,  TPB  variation  and  performance  degra¬ 
dation  have  become  increasingly  possible  by  FIB-SEM  reconstruc¬ 
tion  techniques.  Like  Ni  connectivity,  surface  area  reduction  is 
prominent  during  initial  hours  of  operation  and  initial  thermal 
cycles.  Concomitantly,  major  portion  of  TPB  reduction  occurs  in 
the  early  period  of  operation,  which  has  been  proved  both  by 
simulation  and  experimental  evidences. 

Table  7  summarizes  results  of  one  of  such  study  in  which 
variation  of  volume  fraction,  percolation  fraction,  and  surface  area, 
inter  phases  surface  area  and  the  TPB  networks  are  studied  with 
discharge  time  by  using  FIB-SEM.  As  can  be  noted,  the  specific  TPB 
density  reduced  by  about  20%  and  22%  after  100  and  250  h 
respectively.  However,  due  to  the  interruption  of  Ni  network 
percolation  connectivity,  the  active  TPB  density  decreases  more 
substantially  (by  about  31%  and  57%  after  100  and  250  h  discharge, 
respectively).  Thermal  cycling  too  had  similar  kind  of  effect  on  the 
TPB  density.  For  the  non-cycled  anode,  65%  of  the  total  TPBs  were 
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interconnected,  measuring  ~2.19  x  1012  m  2.  The  connected  TPB 
of  the  anode  after  eight  thermal  cycles  was  only  ~0.67x 
1012  m  2.  Based  on  TPB  quantification,  models  have  shown  that 
stack  degradation  corresponding  to  anode  performance  decreases 
mainly  due  to  particle  sintering,  which  might  amount  upto  50%  of 
initial  stack  degradation.  In  terms  of  polarization  loss,  degradation 
rate  in  anode  due  to  coarsening  could  be  as  high  as  14  mV  over 
1000  h. 

Prevention  or  minimisation  of  agglomeration  and  sintering  of 
metallic  Ni  phase  in  the  Ni/YSZ  cermet  electrodes  rely  heavily  on 
the  phase  distribution  between  Ni  and  YSZ.  Achieving  uniform 
distribution  and  homogenization  between  NiO  and  YSZ  phases 
during  the  preparation  of  NiO/YSZ  cermets  through  milling  and 
de-agglomeration  is  effective  in  preventing  the  coarsening  of  Ni 
and  improving  the  stability  of  the  anodes.  Anodes  synthesized  by 
solution  based  methods  might  be  more  effective  in  yielding  the 
required  microstructure.  By  proper  combination  of  coarse  and  fine 
YSZ  particles  in  the  cermets,  improvement  in  the  performance 
stability  of  the  Ni/YSZ  cermet  anodes  can  be  achieved  [23],  Upon 
sintering,  the  coarse  YSZ  particles  can  be  expected  to  get  con¬ 
nected  by  a  network  of  fine  YSZ  particles  forming  a  framework, 
which  prevent  the  agglomeration  and  coarsening  of  Ni  particles. 


8.  Usage  of  direct  hydrocarbon  in  SOFC  -  Issues  of 
carburization  and  sulfidation  in  Ni/YSZ 

One  of  the  main  limitations  of  present  day  fuel  cell  technology 
is  the  requirement  of  H2  as  fuel.  Although  H2  is  often  referred  to  as 
being  the  ideal  fuel  of  the  future,  there  are  a  number  of  problems 
related  to  H2  generation  and  storage  that  must  be  overcome  before 
it  can  be  implemented  on  a  wide  scale.  At  present,  one  of  the 
biggest  problems  is  that  an  estimated  96%  of  H2  is  produced  by 
reforming  hydrocarbons  and  between  20%  and  30%  of  the  fuel 
value  of  the  hydrocarbons  is  lost  during  this  process.  A  second 
major  problem  for  portable  applications  is  fuel  storage  since  it  is 
difficult  and  expensive  to  store  H2  in  a  form  that  has  an  energy 
density  comparable  to  that  of  hydrocarbon  liquids.  In  this  per¬ 
spective,  SOFCs  operating  at  high  temperature,  in  principle  gives 
rise  to  an  excellent  fuel  flexibility  which  allows  for  the  internal 
reformation  of  the  hydrocarbon  fuels  on  the  anode  or  even  direct 
oxidation  of  carbon-based  fuels  and  hence  gives  an  opportunity  to 
move  away  from  expensive  H2.  Such  simplified  internal  reforming 
operation  of  SOFC  system  results  in  low  costs  owing  to  the 
elimination  of  pre-reformer.  For  instance,  natural  gas,  whose  main 
hydrocarbon  component  is  methane,  can  be  an  excellent  fuel  for 
SOFC.  Inside  a  Ni/YSZ  cermet,  following  reforming  reactions  takes 
place  at  anode  while  using  natural  gas  directly  as  a  fuel. 

CH4+H20=3H2+C0 

co+h2o=co2+h2 


8.1.  Carburization 

Unfortunately,  with  Ni/YSZ  cermet,  internal  reforming  of 
hydrocarbon  fuels  is  often  accompanied  by  carbon  deposition, 
phenomenon  often  termed  as  carburization  [217-221].  Carbon 
deposition  takes  place  through  the  catalytic  dissociative  adsorp¬ 
tion  of  hydrocarbons  on  the  Ni  surface.  For  example,  with  alkane 
based  fuels  (e.g.,  methane,  propane,  and  butane),  carbon  formation 
occurs  through  the  following  reactions: 

CnH2n+2=nC+(n  +  l)H2 

2CO  =  C  +  C02 


co+h2=c+h2o 

For  methane  containing  natural  gas,  the  formation  of  carbon 
proceeds  either  via  methane  dissociation  or  according  to  the 
Boudouard  reaction: 

CH4<->C+2H2 

2CO<->C+C02 

Carbon  deposition  covers  the  active  sites  of  the  anodes,  resulting 
in  the  loss  of  cell  performance.  Carbon  can  form  diverse  structures 
including  adsorbed,  polymeric,  vermicular  filaments,  carbide,  and 
graphitic,  which  affects  carbon  reactivity,  and  the  extent  of  catalyst 
deactivation  [222,223],  By  having  strict  control  over  the  operating 
conditions,  it  might  however  be  possible  to  utilize  hydrocarbons 
directly  in  SOFC  with  Ni-based  anodes.  At  low  operating  tempera¬ 
tures,  due  to  kinetic  limitations  on  the  methane  cracking  reaction, 
carbon-free  SOFC  operation  can  be  achieved.  Stable  operations 
without  coking  have  been  reported  over  a  wide  range  of  current 
densities  at  lower  temperatures  (~700  °C)  [224,225],  However,  at 
higher  temperatures,  large  currents  are  required  to  avoid  coking 
and  cell  failure.  Even  when  carbon  does  form  on  Ni-based  anodes, 
it  may  be  possible  to  remove  this  carbon  as  fast  as  it  forms  if  the 
02~  flux  from  the  electrolyte  is  sufficient  to  remove  carbon  faster 
than  it  is  formed  [225].  Possibilities  of  stable  operation  of  SOFC  in 
methane  have  also  been  reported.  Though  there  are  reports  about 
the  possibility  of  operating  a  fuel  cell  with  hydrocarbon  fuels 
under  the  controlled  conditions,  the  problem  of  carbon  formation 
is  catastrophic  if  system  control  is  lost.  Hence  carbon  deposition 
has  become  an  extensive  area  of  research  in  SOFC  fuelled  by 
hydrocarbons  [226-235],  Many  groups  have  focused  on  kinetics  of 
internal  reforming  of  hydrocarbons  in  Ni/YSZ  cermets  [236-238], 

It  has  been  found  that  the  quantity  of  deposited  carbon  during 
methane  reforming  is  strongly  affected  by  the  operating  tempera¬ 
ture.  Though  thermodynamic  calculations  predict  the  absence  of 
carbon  formation  at  800  °C  and  1  atm  with  a  steam  to  carbon  (S/C) 
ratio  greater  than  one,  experimentally  carbon  formation  was 
observed  not  only  at  this  temperature,  but  also  at  other  conditions 
in  which  carbon  formation  was  not  thermodynamically  predicted 
[239,240],  The  formation  of  carbon  results  in  the  disintegration  of 
Ni  metal  into  powder  and  hence  the  process  is  sometimes  known 
as  “metal  dusting”.  The  Ni  becomes  dust  due  to  the  presence  of 
graphite  inside  the  metal  structure,  which  forms  as  the  carbon 
diffuses  through  the  Ni.  Corrosion  process  is  strongly  dependent 
on  the  temperature  and  the  gas  composition  and  in  general  Ni 
corrosion  rate  increases  with  temperature.  Filamentous  carbon 
was  formed  at  temperatures  up  to  600  °C.  The  amount  of  carbon 
deposited  significantly  increased  at  temperatures  above  650  °C, 
and  the  carbon  got  dissolved  in  the  bulk  of  the  Ni  particles.  Both 
the  formation  of  carbon  fibers  and  dissolved  carbon  significantly 
expanded  the  dimensions  of  the  Ni/YSZ  pellets  and  resulted  in  cell 
fracture  [233], 

The  amount  and  stability  of  the  carbon  deposits  formed  on 
Ni/YSZ  exposed  to  methane  at  higher  temperatures  are  affected  by 
current  density,  exposure  time,  water  content  in  the  gas,  and 
anode  thickness  [231],  Amount  of  carbon  deposited  decreased 
with  increase  in  the  current  density  [228,241].  The  deposits 
formed  under  the  load  remain  on  the  surface  of  the  Ni,  with  a 
minor  effect  on  the  structure  of  the  anode  compared  to  the  carbon 
deposits  formed  at  open  circuit  conditions  in  which  the  carbon 
appears  to  have  dissolved  into  the  bulk  of  the  Ni  structure. 

On  using  methane,  methanol,  and  ethanol  with  steam  as  a 
direct  feed  to  Ni/YSZ  anode,  it  was  found  that  methane  with 
appropriate  steam  content  can  be  directly  fed  to  Ni/YSZ  anode 
without  the  problem  of  carbon  formation,  while  methanol  can  also 
be  introduced  at  a  temperature  as  high  as  1000  °C  [242],  High 
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power  density  operation  of  anode-supported  cells  with  methanol 
as  a  fuel  have  been  indeed  demonstrated  [243],  In  contrast, 
ethanol  cannot  be  used  as  the  direct  fuel  for  SOFC  operation  even 
at  high  steam  content  and  high  operating  temperature  due  to  the 
easy  degradation  of  Ni/YSZ  by  carbon  deposition.  Incomplete 
reformation  of  ethanol  leaves  significant  amounts  of  ethane  and 
ethylene  in  the  product  gas  and  they  act  as  very  strong  promoters 
for  carbon  formation.  The  deposition  problems  will  become  even 
more  pronounced  if  biogas  is  used  as  a  fuel  in  the  future  due  to  the 
presence  of  tars. 

There  are  different  strategies  to  prevent  carbon  formation  in 
SOFC.  Typically  high  steam/carbon  (S/C)  (e.g.,  up  to  3)  ratios  are 
used  in  conventional  steam  reformers  to  suppress  the  carbon 
formation.  The  problem  of  carbon  formation  is  even  more  severe 
for  hydrocarbons  larger  than  methane  and  still  higher  amount  of 
S/C  should  be  used  to  avoid  carbon  formation  [244].Carbon 
deposited  with  humidified  methane  is  reversible  when  it  is 
oxidized  at  a  current  load  of  thermodynamically  carbon-free 
condition  [241,245].  However,  high  S/C  ratio  is  unattractive  for 
fuel  cells  as  it  lowers  the  electrical  efficiency  of  the  fuel  cell  by 
steam  dilution  of  the  fuel.  In  addition,  endothermic  nature  of 
steam  reforming  reaction  can  cause  local  cooling  and  steep 
thermal  gradients  generated  are  potentially  capable  of  mechani¬ 
cally  damaging  the  cell  stack.  Nevertheless,  the  impact  of  the 
endothermicity  of  methane  steam  reforming  process  on  the  cell 
stability  can  be  reduced  by  the  combination  of  both  external  and 
internal  reforming  activity  or  by  using  the  so  called  gradual 
internal  reforming  (G1R)  of  methane.  Other  strategies  include 
microstructural  modifications  [85,246,247],  addition  of  some 
dopants  and  additives  [241,244,248-251],  changing  the  geometry 
of  the  anode  with  barriers  or  with  bi-layers  [252],  use  of  materials 
or  alloys  that  reduce  the  tendency  of  nickel  to  produce  carbon 
[253-257], 

Factors  such  as  anode  formulation,  pre-treatment  and  operat¬ 
ing  conditions  have  strong  influence  on  the  internal  reforming 
over  Ni/YSZ  anodes  in  SOFCS  operating  on  methane.  It  was 
observed  that  the  cermet  containing  higher  amount  of  Ni  exhib¬ 
ited  higher  steady-state  activity  at  higher  reforming  temperatures. 
It  has  been  reported  that  Ce02  addition  or  coating  can  increase  the 
methane  oxidation  rates  and  can  be  effective  in  minimizing  carbon 
deposition  in  Ni/YSZ  [258-260],  Use  of  an  additional  catalyst  layer 
consisting  of  a  ceria  supported  precious  metal  (Ru-Ce02)  is 
effective  for  internally  reforming  the  hydrocarbons.  Ceria  may  also 
enhance  anode  performance  by  promoting  charge-transfer  reac¬ 
tions  at  the  TPB  due  to  its  mixed,  ionic-electronic  conductivity 
[261,262],  The  amount  of  carbon  deposited  can  also  be  minimized 
by  placing  zirconia-doped  ceria  pellets  on  each  side  of  the  Ni/YSZ 
pellet  [245],  The  addition  of  a  ceria  layer  did  not  completely 
eliminate  the  carbon  formation  but  the  carbon  that  was  formed 
was  weakly  attached  to  the  Ni/YSZ  such  that  the  structure  was  not 
irreversibly  changed. 

8.2.  Sulfidation 

Owing  to  the  high  operating  temperature,  SOFCs  have  great 
potential  for  direct  utilization  of  hydrocarbon  fuels,  including 
hydrogen-rich  synthesis  fuels  derived  from  coal  or  natural  gas. 
Such  an  option  would  eliminate  the  need  for  a  separate  fuel 
processing  subsystem  and  hence  reduce  the  cost  and  complexities 
in  the  fuel  cell  stack.  Unfortunately,  all  fossil  fuels  contain  some 
amounts  of  contaminants  with  H2S  dominating  among  them. 
Sulfur  compounds  might  as  well  present  as  additives  in  many 
commercially  available  fuel  sources,  and  their  concentration  can 
reach  high  level  in  some  fuels  such  as  coal  syngas.  These  Sulfur 
compounds  are  known  to  interact  with  Ni  in  Ni/YSZ  cermet  and 
passivate  the  active  sites  and  hence  resulting  in  a  performance  loss 


and  degradation  of  the  anode  [263-277].  Sulfur  tolerance  cap¬ 
ability  of  SOFC  anode  has  become  a  critical  standard  for  the 
advance  of  SOFC  towards  commercialization. 

Several  research  groups  have  experimentally  studied  the  effect 
of  sulfur  containing  fuels  on  the  performance  and  durability  of 
SOFC's  by  varying  several  factors,  such  as  temperature,  current/ 
voltage  load,  time  and  H2S  concentration  [267-269,278,279].  To 
study  the  poisoning  effect  of  sulfur  and  mechanism  of  degradation, 
many  experimental  tools  such  as  polarization  studies,  complex 
impedance  analysis,  Raman  spectroscopy,  X-ray  diffraction  studies 
have  been  extensively  used. 

Following  observations  can  be  made  about  the  effect  of 
sulfidation  on  the  Ni/YSZ  cermet: 

•  Even  a  small  amount  of  H2S  in  ppm  level  causes  a  sharp  drop  in 
cell  performance  within  the  first  few  minutes  of  exposure, 
followed  by  a  gradual  but  persistent  deterioration  in  perfor¬ 
mance  for  several  days  [265,280,281], 

•  Extent  of  degradation  caused  by  the  sulfur  poisoning  is  strongly 
dependent  on  the  sulfur  concentration.  If  the  H2S  content  is 
low  (0.02-15  ppm),  the  performance  loss  caused  by  the  sulphur 
poisoning  could  be  recovered  after  switching  to  sulfur-free 
hydrogen  fuel  [280].  At  higher  levels  of  H2S  concentration 
(~  105  ppm  H2S  at  1000  °C),  poisoning  effect  is  irreversible 
[281], 

•  With  decrease  in  the  operation  temperature,  the  critical  H2S 
concentration  for  Ni/YSZ  degradation  decreases  suggesting  that 
sulfur  poisoning  of  SOFC  systems  operating  at  intermediate 
temperatures  (IT)  (typically  700-850  °C)  which  are  known  as 
1T-SOFC  systems  can  be  irreversible,  whereas  the  performance 
degradation  in  high  temperature  (HT)-SOFC  (  >  900  C)  can  be 
reversible  [264,267,268], 

•  Internal  resistance  caused  by  sulphur  poisoning  is  smaller  at 
higher  current  densities  [269]  and  sulfur  poisoning  increases 
with  increase  in  cell  voltage. 

As  there  was  no  significant  change  in  the  microstructure  of  the 
anode  or  the  formation  of  any  insulating  phase  in  the  presence  of 
sulfur,  poisoning  effect  has  been  primarily  attributed  to  blockage 
of  the  active  Ni  sites  for  hydrogen  adsorption  by  the  process  of 
chemisorptions.  Due  to  the  complexity  of  sulfur  poisoning  phe¬ 
nomenon,  providing  an  unambiguous  explanation  for  the  reac¬ 
tions  of  sulfur-compounds  in  the  anode  and  its  effects  on 
performance  has  been  very  difficult,  mostly  due  to  its  dependence 
on  the  variety  of  experimental  conditions.  The  reported  results  of 
experimental  and  theoretical  research  on  specific  degradation 
mechanisms  of  Ni  cermet  anode  throughout  different  operation 
conditions  tend  to  vary  with  each  other  and  do  not  yield  a 
thorough  understanding  of  this  issue.  However,  it  seems  to  be 
generally  accepted  now  that,  depending  on  the  H2S  concentra¬ 
tions,  reaction  of  Ni  with  H2S  might  be  a  physical  adsorption 
(adsorption  of  molecular  H2S  on  Ni  surface),  chemisorption  (dis¬ 
sociative  adsorption  of  sulfur  atom  from  H2S)  or  a  sulfidation 
[276,282,283], 

9.  Conclusions 

Traditional  material  systems  continue  to  dominate  the  SOFC 
technology  due  to  the  issues/challenges  associated  with  the  newly 
discovered  material  systems.  It  is  particularly  true  with  regard  to 
Ni/YSZ:  anode  material  envisaged  four  decades  ago,  as  it  continues 
to  be  used  in  SOFC,  despite  of  the  development  of  new  systems 
suitable  for  anode  applications.  Though  poor  carburization  and 
sulfidation  abilities  are  serious  drawbacks  with  Ni/YSZ,  its  good 
catalytic  activity  for  H2  oxidation  and  methane  reforming,  high 
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electronic  conductivity,  when  compared  to  new  materials  system, 
make  it  most  appealing  anode  system.  Assisted  by  modern  micro- 
structural  and  electrochemical  characterization  techniques,  com¬ 
plex  inter-relations  between  the  powder  characteristics,  micro¬ 
structure,  electrochemical  process  and  the  fabrication  process 
parameters  of  Ni/YSZ  have  been  better  understood  now  and 
substantial  improvements  in  its  performance  from  its  inception 
have  been  achieved.  Factors  influencing  ohmic,  activation  and 
concentration  polarizations  of  Ni/YSZ  are  complexly  intertwined 
and  optimization  of  each  factor  must  be  done  through  knowledge 
of  its  influence  on  all  the  three  polarizations.  Inability  to  simulta¬ 
neously  fulfill  all  the  criteria  for  the  minimization  of  all  the  three 
polarizations  in  homogeneous  anodes  have  led  to  the  develop¬ 
ment  of  gradient  anodes  possessing  the  necessary  features  in 
accordance  with  the  local  requirements.  Realization  of  importance 
of  initial  powder  characteristics  in  dictating  the  final  anode 
microstructure  has  resulted  in  the  acceptance  of  solution  based 
synthesis  method  for  the  preparation  of  homogeneous  NiO/YSZ 
powders  and  by  altering  the  synthesis  conditions,  powders  with 
desired  characteristics  have  been  prepared.  While  extrusion  and 
tape  casting  methods  have  emerged  as  commercially  successful 
fabrication  methods  for  tubular  and  planar  anode  substrates, 
options  available  for  the  fabrication  of  anode  functional  layers 
are  many.  Degradations  such  as  redox  cycling  and  Ni  agglomera¬ 
tion  associated  with  Ni/YSZ  have  been  minimized  through  the  fine 
tuning  of  the  microstructure  and  operating  conditions.  Carburiza¬ 
tion  and  sulfidation  disabilities  of  Ni/YSZ  on  using  hydrocarbons 
have  been  improved  through  manoeuvring  of  operation  condition. 
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